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1 Introduction 
“The King of Babylon stood at the parting of the ways, at the head of the two ways,  
to use divination; he made arrows bright, he consulted with images, he looked in the liver.”  
The Bible, Ezekiel 21:21 
 
1.1 Why Hepatic Surgery needs Liver Segmentation 
A surgeon typically resects a liver for two reasons: to remove a malignant or be-
nign lesion or to split the organ for living donor liver transplantation (LDLT). In 
both cases, hepatic tissue will be removed, and liver volume and the related liver 
function will be temporarily decreased. For the safety and survival of the patient, a 
certain amount of liver tissue should remain. This ‘certain amount’ of required 
remnant liver volume leads to the issue of how this amount can be computed and 
how the organ size of an individual human is determined. 
In general, the volume of a healthy liver correlates to the individually required 
organ function. When a liver grows during childhood and adolescence, it adapts to 
the needs and increases in size. Later, when an adult gains or loses weight, the 
organ will also change to match the new metabolic demand. How can the individ-
ual liver volume be computed? 
 
Figure 1: Variability of liver shapes: A typical Caucasian liver show a large right lobe (left), while 
Asian organs often extend to the left body side (right), although variations are common (middle). 
As reported in early studies, the total liver volume is closely related to a person’s 
weight and accounts for about 2.0%-2.7% of body weight [Henderson et al., 1981, 
Heymsfield et al., 1979]. Several published formulas estimate the total liver vol-
ume from the weight, body surface area (BSA, for details see [Bois and Bois, 
1989, Mosteller, 1987]), or a combination of body weight and age [Chan et al., 
2011, Poovathumkadavil et al., 2010, Yuan et al., 2008]. A comprehensive list of 
formulas can be found in [Fu-Gui et al., 2009] and [Pomposelli et al., 2012]. The 
basis for the computations were liver volumes from autopsies [DeLand and North, 
1968, Heinemann et al., 1999, Yoshizumi et al., 2003] or volumes of liver masks 
extracted from computed tomography (CT) data [Pomposelli et al., 2012, Urata 
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et al., 1995, Vauthey et al., 2002]. In most studies, the results are derived from and 
limited to an ethnic group, e.g., Asian or Caucasians, but also to subgroups, e.g., 
Japanese, Chinese, or Arab adults [Poovathumkadavil et al., 2010, Urata et al., 
1995, Yoshizumi et al., 2008]. Figure 1 illustrates the variability in liver shape. 
Organ volume formulas are typically used to estimate the demand for a transplant 
recipient whose existing liver volume cannot be used as a reference, due to onco-
logic, cirrhotic, or other diseases that have significantly changed the original or-
gan size and weight.  
Recently, some authors have even published formulas for parts of the organ, such 
as the right liver lobe, derived from body weight [Chan et al., 2011, Harada et al., 
2004, Salvalaggio et al., 2005], but considering the wide interindividual variation 
of these other formulas, the purpose and usability of these computations remain 
doubtful. Although formulas for the total liver volume might be helpful for a very 
rough estimation of the functional demand for a recipient, the computation of 
remnant liver after extended surgery needs to be more precise. 
A patient’s liver volume can be computed from radiological images. For this pur-
pose, the liver boundary contours have to be determined for all images slices of 
the abdominal data. Different approaches have been developed, ranging from 
manual drawing to fully automatic algorithms. An overview of liver segmentation 
methods is given in Section 2.1. 
For hepatic surgery, the volume of the remnant organ after resection is important 
for patient safety. Unfortunately, the minimal required remnant volume is not only 
a fixed percentage of the full volume, but also strongly depends on the condition 
of the liver parenchyma. For patients with otherwise healthy livers, a functional 
volume of 25% of the original liver volume is sufficient for survival [Breitenstein 
et al., 2009, Chen et al., 2003, Lo et al., 1999]. Due to the high regenerative power 
of the liver, the organ grows within a couple of months until the liver volume is 
similar to pre-surgery levels. For diseased livers, e.g., cirrhotic or steatotic organs 
or organs that have undergone chemotherapy, the required remnant volume in-
creases to 30% - 90%, depending on the stage of the disease and the remaining 
hepatic function. Unfortunately, the exact minimum volume necessary for organ 
and patient survival is difficult to predict in these cases [Breitenstein et al., 2009]. 
Furthermore, not only a pre-existing hepatic disease but also the resection itself 
can cause a functional problem. Resecting the liver with its complex vessel struc-
ture can truncate supplying or draining veins and liver arteries (cf. Figure 2). As a 
consequence of reduced or interrupted blood flow, the dependent local liver re-
gions can exhibit liver dysfunction that can extend to a complete necrosis in the 
worst cases. To analyze the risks and plan the surgical interventions, this function-
ally limited tissue has to be considered and the predicted functional remnant liver 
volume adjusted. For tumor resections, the risk analysis is computed for the re-
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maining liver, whereas in living donor liver transplantations, it has to be evaluated 
for both the remnant liver of the donor and the graft given to the recipient. 
In conclusion, the remaining liver volume may be one of the most critical factors 
for a surgical intervention, depending on the liver condition and extent of the re-
section. Therefore, the computation of total liver volume as well as prediction of 
remnant liver volume is important for surgical planning. The segmentation of the 
liver in radiological data, i.e., the separation of the organ tissue from all other sur-
rounding structures in the images, typically represents the first step in computer-
assisted liver surgery planning. 
Liver segmentation is not only the prerequisite for planning hepatic surgery but 
also for several other medical applications, including local tumor ablations by 
radiofrequency or laser energy, tumor load computation for radiation therapy, and 
therapy monitoring during chemotherapy. The applications have varying demands 
for accuracy, and the clinical routine often limits the available interaction time. 
Therefore, dedicated techniques or individual parameterizations for liver segmen-
tation methods are needed. 
 
 
Figure 2: Example of a complex tumor resection case. Left: Color-coded vessel surfaces show the 
minimal distance of subbranches to the tumor (tumor in blue; vessels red: 5mm, yellow 10mm, 
green 15mm distance). Brown: remnant liver after central resection. Right: Plan of an extended left 
liver resection for the same case with the risk of insufficient remaining liver volume (brown). The 
visualization shows tumors, the remnant liver, and the triad of portal vein (cyan), hepatic artery 
(orange), and bile ducts (green). 
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1.2 Objectives of the Thesis 
This work is dedicated to the topic of liver segmentation and its applications to 
liver surgery. The development and evaluation of a clinically applicable segmenta-
tion algorithm and its integration into a software assistant that can be used by 
medical experts represents one major focus of the thesis. The second objective 
addresses the remaining liver volume after hepatic resections at the example of 
adult living donor liver transplantation (ALDLT). The anatomical volume can be 
computed from the liver segmentation mask and the virtual resection line quite 
easily, but may not represent the remaining liver function. The hepatic tissue can 
be impaired by a disease or outflow obstruction induced by the transection of he-
patic vein branches. The relevance of this outflow obstruction to liver function 
and regeneration and the mechanisms of reperfusion were investigated in this the-
sis. Human and animal studies were performed and evaluated in cooperation with 
clinical partners. New algorithms and software applications were developed to 
support the research in this field. 
The following issues have been addressed by this work in different ways: 
 What methods are appropriate to achieve highly accurate liver segmenta-
tion? 
 How can the interaction effort for liver segmentation be reduced and cor-
rected in an intuitive way? 
 How much time is invested by users for segmentation and correction and 
what are the differences between intial and corrected liver segmentation? 
 Which steps are included in a comprehensive software assistant for liver 
surgery planning and how can this workflow be realized? 
 How could 3D planning data be used in laparoscopic liver surgery? 
 Can the vascular cooling effect in radiofrequency ablation be estimated by 
numerical models?  
 How can the risk of a resection be quantified and can this measure be used 
to provide immediate feedback during resection planning? 
 To which extend does the transection of middle hepatic vein branches in-
fluence global and local liver regeneration? 
 When do collaterals develop between truncated vein branches and neigh-
bored hepatic veins? 
 How do outflow obstructions change perfusion and how do collaterals be-
tween the outflow obstructed and normal zones develop? 
 Can MRI serve as a sole imaging modality for liver surgery planning? 
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1.3 Outline of the Thesis 
Chapter 1    introduces the relation between the technical issue of liver segmenta-
tion and hepatic interventions. The ojectives of the thesis are described followed 
by an overview of the thesis structure. 
Chapter 2    presents an in-depth review of liver segmentation methods and their 
application to different types of radiological data (Section 2.1). The review also 
highlights the problems and gaps which further support the objectives and purpose 
of this work. The background of liver anatomy and the different types of hepatic 
interventions are presented in Section 2.2. It is complemented by an overview of 
computer-assistance for hepatic applications and the methods and tools developed 
at MeVis, other research institutions, and commercial companies. 
Chapter 3    presents the achievements of this thesis. Section 3.1 summarizes the 
methodical developments for the liver segmentation approach developed in the 
years 1999 and 2000 based on live wire, shape-based interpolation and correction 
algorithms. The basic concept is described and several improvements are present-
ed. This section concludes with an evaluation of the approach on first clinical data 
sets and more than 2000 CT data sets.  
Section 3.2 presents the first comprehensive software assistant for liver surgery 
and the first integration of planning information into liver laparoscopy. The nu-
merical modeling of radiofrequency ablation and the evaluation of lesions is in-
troduced, followed by an overview of recent software developments for liver sur-
gery. 
Section 3.3 provides the application of liver segmentation and computer-assisted 
planning to the field of ALDLT. Decision algorithms, anatomical observations, 
and derived concepts developed on basis of the 3D evaluations are presented. 
Studies in humans and animals and new software for the evaluation of outflow 
obstruction and local regeneration are provided, including the investigation of 
collateral formation in animals. The section concludes with the first approach in 
computer-assisted surgical planning based on MRI data, a comparison of results 
from CT and MRI data in live liver donors, and perspectives on MRI-based inter-
vention planning. 
Chapter 4    provides a summary of the thesis and recommendations for future 
research. 
Chapter 5, 6, and 7    include the publications of this thesis. Chapter 5 is related 
to the developments and evaluation of the liver segmentation approach based on 
live wire and interpolation (Section 3.1), Chapter 6 includes the papers presented 
in Section 3.2, and Chapter 7 provides publications about ALDLT in the areas of 
risk analysis, liver regeneration, and planning on MRI data, related to Section 3.3. 
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2 Preliminary and Related Work 
Time is a great teacher, but unfortunately it kills all its pupils. 
Hector Berlioz 
2.1 Liver Segmentation 
Many methods for liver segmentation have been published, and we will introduce 
different approaches in the following sections. In most cases, the segmentation 
algorithms are applied to contrast-enhanced CT data. Few approaches have been 
developed for the image analysis of livers in MRI data. Independent of the image 
modality used, manifold error sources and challenges for liver segmentation exist, 
because several other organs and structures with similar density or gray values are 
near the liver. For example, the heart and diaphragm are in direct contact with the 
liver, but the spleen and the pancreas also exhibit the same gray level in CT data 
as the liver. Furthermore, the liver shape varies greatly, and the organ tissue itself 
often appears inhomogenous in the images. This can be due to a liver disease such 
as cirrhosis (liver tissue scarring) or can be related to the imaging technique, e.g., 
inhomogeneities in MR images. Other factors hampering the value-based segmen-
tation process include intrahepatic structures and pathologies with varying intensi-
ty values. Typical examples are contrast-enhanced vessels, hypointense and en-
larged bile ducts, and in oncologic patients, malignant lesions with different 
appearances and locations. Challenges for liver segmentation are shown in Figure 
3. 
    
Figure 3: Challenges for liver segmentations methods. Left: CT image of the liver (black arrow), 
with tumor (white arrow), and neighboring structures: heart (black arrowhead) and diaphragm 
(white arrowhead); Right: MR image showing lower resolution and typical inhomogeneities that 
lead to varying gray values in the liver. 
The gold standard of liver segmentation is a liver contour manually drawn by a 
radiological expert on the two-dimensional image slice. High quality is achieved 
at the expense of tedious work. Because time in clinical routine is limited, this 
elaborative work is only applied in selected cases or is reduced to a fast and rough 
approximation of the liver volume typically performed by drawing contours on 
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very thick or distant (10-20mm) image slices. To reduce the amount of manual 
drawing, computer-assisted methods for semi- and fully-automatic liver segmenta-
tion have been developed. A survey of different algorithms presented until 2006 
can be found in the paper of Campadelli et al. [Campadelli et al., 2009]. 
2.1.1 Region-based Segmentation 
Initial approaches for computer-assisted liver segmentation were based on gray-
value analysis [Bae et al., 1993, Gao et al., 1996]. These algorithms use explicit 
thresholds or estimate the liver gray values by statistical analysis of manually 
segmented images or by histogram analysis. The determined upper and lower 
thresholds are used to generate a binary mask that is typically postprocessed by 
morphological operations to separate the organ from other structures. Several 
thresholding methods for the liver have been presented in recent years [Platero 
et al., 2008, Seo and Park, 2005, Soler et al., 2001]. 
To overcome the typical problem of over-segmentation with global thresholding, 
algorithms based on region-growing have been developed. Approaches for the 
liver are based either on the images of a single acquisition [Pohle and Toennies, 
2001, Ruskó et al., 2007] or on multi-phase images that consider the changing 
gray values at different time points in the contrast-enhanced liver [Ruskó et al., 
2009].  
Other approaches try to estimate not only the gray levels but also other image fea-
tures of the liver, neighbored organs, and the background from existing segmenta-
tions in CT images. The learning procedure is implemented with methods based 
on neural networks and subsequently applied to a new data set for automatic de-
tection and labeling of the liver area [Koss et al., 1999, Lee et al., 2003]. The 
methods strongly depend on the training data sets and the given variability of or-
gan anomalies and selected image features. 
All region-based approaches applied for liver segmentation struggle to separate 
the organ from adjacent organs and to include intrahepatic structures as lesions or 
vessels appearing darker or brighter than the tissue. Furthermore, depending on 
the time after contrast application and the patient’s cardiovascular state, the liver 
gray values of the parenchyma itself show a high variability. Texture features can 
vary between healthy and diseased livers in CT data, whereas in MR images, in-
plane inhomogeneities and intensity variations over the 3D volume are common. 
In conclusion, liver segmentation cannot be solved alone by a simple global re-
gion-based approach and, these algorithms are therefore typically combined with 
other methods. 
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2.1.2 Contour-based Segmentation 
Two basic approaches are used to determine the liver contours in radiological im-
ages: the user-steered interactive live wire algorithm and energy-minimizing con-
tour algorithms as snakes and level sets.  
In the live wire approach, invented in 1992, the image is described as an undi-
rected, weighted graph where vertices of the graph represent image pixels while 
edges connect neighboring pixels [Mortensen et al., 1992, Udupa et al., 1992]. 
The weights are computed as costs for the connection from one pixel to its neigh-
bor and are based on image features. After calculating the cost graph, the user 
starts to segment by setting a first seed point on the boundary and moving the 
pointer of the mouse or another input device along the outline of the liver. Optimal 
paths, minimizing the accumulated costs from the seed to the current mouse posi-
tion, are computed using Dijkstra’s algorithm [Dijkstra, 1959, West, 1996]. Com-
putation and display of the resulting live wire boundary segment is achieved in 
real-time, even for larger images. The live wire path snaps to the boundary while 
the user moves the mouse over the image, and a new seed point has to be set be-
fore the path starts to deviate from the desired contour. New shortest paths are 
computed from the new seed point, and the procedure is repeated. A final closure 
leads to a controlled, piecewise optimal segmentation result. Modifications of the 
basic approach including quality studies have been published, proving the high 
accuracy, efficiency, and reproducibility of the algorithm [Barrett and Mortensen, 
1996, Barrett and Mortensen, 1997, Falcao et al., 1998, Falcao et al., 1999]. De-
tails of the implementation, improvements and extension to 3D segmentation and 
application to liver segmentation are given in Chapter 3. 
The second group of contour-based approaches is based on energy minimization 
with different mathematical background: active contours [Caselles, 1997, 
Montagnat and HerveDelingette, 1997, Kass et al., 1988] and level sets [Malladi 
and Sethian, 1997, Osher and Sethian, 1988]. Acrive contours, also known as 
snakes or deformable models, were placed in the image (2D) or volume (3D) and 
deformed iteratively by minimizing an energy functional summarizing so-called 
internal and external forces. Typically, the internal energy defines the physical 
property of the desired boundary (e.g., smoothness and flexibility) and the exter-
nal forces drive the contour towards image characteristics as high gradients. 
Snakes have been applied to the liver, for example, by Xu and Liu [Xu and Prince, 
1997, Xu and Prince, 1998, Liu et al., 2005] and recently by Lee, Chi, and Lassen 
[Chi et al., 2007, Lassen, 2009, Lee et al., 2007]. 
With level sets, an implicitly defined contour or surface is propagated towards the 
object boundary. The corresponding level set of dimension n is typically defined 
as the zero crossing of a function of dimension n+1. The deformation of the level 
set is steered by a speed function that often includes constraints of a priori 
knowledge about image features or the shape of the structure to be segmented. 
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The challenge in using this algorithm lies in the definition of an appropriate speed 
function and its parameters. Level sets were first used for liver segmentation by 
Pan & Dawant [Pan and Dawant, 2001]. The high computational demand of this 
algorithm limited its application in early years, but the method is now widely 
used, both directly for liver segmentation but also often as a final optimization 
step in combined approaches [Hermoye et al., 2005, Lassen, 2009, Oliveira et al., 
2011, Shimizu et al., 2005]. 
2.1.3 Model-Based Segmentation 
Model-based segmentation requires a set of training data sets with existing object 
segmentations for creating the model. During this process, the different shapes, 
gray-value information at the object surface, or the probability of each voxel be-
longing to the object can be taken into account. As a typical prerequisite, a suffi-
cient number of corresponding landmarks in the images or masks have to be de-
fined to align all training data sets. 
In case of shape models, the liver surfaces of the training data are typically 
aligned based on a set of landmarks defined by the user. Subsequently, a principal 
component analysis is applied to compute the main shape variations of the organ. 
During the segmentation step, the average liver model is placed inside the new 
data set interactively by the user or in an automated fashion, and the landmark 
positions were optimized within the main shape variation. Additionally, gray value 
profiles learned from the training data at the landmarks or at surface normals can 
be applied (appearance models). Shape and appearance models have been applied 
for liver segmentation by several authors [Lamecker et al., 2004, Liu and Udupa, 
2009]. 
Another approach for model-based segmentation creates a probabilistic model or 
probabilistic atlas of training images and related segmentation labels. Based on a 
few landmarks (manually or automatically determined), the different data sets are 
registered into a standard space. The probabilistic atlas is then generated by spa-
tially averaging the registered objects and computing the probability of each voxel 
belonging to a certain label (e.g., organ). In the segmentation step, the new image 
is matched to the atlas space by registering landmarks, and the intended segmenta-
tion mask is defined by thresholding the existing probabilities of the correspond-
ing object label. Probabilistic atlases have been employed for liver segmentation 
by different authors [Lassen, 2009, Park, 2003, Shimizu et al., 2006, Zhou et al., 
2006]. 
One challenge of model-based methods is the initial construction of the model, 
which requires a large number of correctly segmented training images to capture 
all possible shapes and the correct distribution of probabilities. Because the typi-
cal liver shape is highly variable, even fundamentally different for Asian and Cau-
casian livers, more than one model with a sufficient number and distribution of 
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training data had to be constructed. Even when the model includes the variability 
of healthy livers, it may fail with diseased organs, since anomalies and patholo-
gies are not represented in the model. Nevertheless, a model-based segmentation 
technique can supervise other approaches in cases or liver regions where no 
boundary information can be derived from the images. 
2.1.4 Combined Segmentation 
Neighboring organs and structures inside the liver may pose problems for auto-
matic methods focusing on gray values, whereas the wide variability of the liver 
form prevents the general success of model-based approaches. Therefore, the most 
promising and successful automatic liver segmentation methods are combinations 
of both segmentation paradigms.  
In 2007, a liver segmentation competition was performed as part of the 3D Seg-
mentation in the Clinic: A Grand Challenge workshop in conjunction with 
MICCAI 2007. Several algorithms were presented and evaluated on ten clinical 
CT data sets by developers attending the workshop [Heimann et al., 2009, van 
Ginneken et al., 2007]. The segmentation approaches were also executed on an-
other set of ten cases prior to the workshop, and submitted results were evaluated 
by the organizers and presented on the workshop. Further segmentation results of 
improved or new algorithms could be submitted later via internet for additional 
rating. The evaluation included a combination of different metrics and the results 
are available on the workshop’s homepage [MICCAI, 2007]. 
From the ten automatic and six interactive methods at the workshop, interactive 
approaches achieved some of the best results [Beck and Aurich, 2007, Dawant 
et al., 2007, Lee et al., 2007], while the most successful automatic approach was 
based on combination of shape models and intensity-based algorithms 
[Kainmueller et al., 2007]. However, the ground truth segmentations in the work-
shop were defined such that they included the entire liver tissue and parts of ex-
ternal vessels, such as the vena cava, when they were surrounded by liver paren-
chyma. This definition is beneficial for model-based approaches but does not 
match the clinical requirements. In contrast, the goal of our work is to segment the 
liver tissue accurately while excluding larger vascular structures. 
The combination of approaches presented above was the composition of different 
segmentation algorithms. A second combination approach is to segment the liver 
in combination with organs and other structures. The goal of this so-called multi-
organ segmentation is to identify the liver tissue by excluding the belonging to 
surrounding objects. There are several approaches that typically use a number of 
basic segmentation methods to classify image voxels. Examples of this type of 
multi-organ algorithms were presented in [Shimizu et al., 2006, Shimizu et al., 
2007, Soler et al., 2001]. Soler extracted skin, bones, lungs, kidneys, and spleen 
by combining thresholding, morphological operations, and distance maps. Shimi-
zu used thresholding and a statistical atlas for initial individual organ segmenta-
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tions, followed by the expectation maximization algorithm for separation of these, 
and a level set method to define the final liver contour.  
2.1.5 Segmentation Errors and Correction Methods 
When analyzing the results of liver segmentations, the issue of the acceptable er-
ror arises. In one of the first liver segmentation publications in 1996, more than 
20% of the slices had to be corrected due to insufficient results [Gao et al., 1996]. 
In the continuously updated list of the MICCAI contest, the results of the three 
best automatic methods show mean volume overlap errors of the ten test data sets 
between 6.0%-8.5% [MICCAI, 2007]. In the live contest of the MICCAI, where 
the teams had to perform the segmentation of ten data sets in three hours, the re-
sults were less convincing. The best three automatic approaches showed volume 
overlap errors of 8.4%, 12.4%, and 14.6%, while the best interactive approaches 
gave better results with error rates of 7.1%, 7.1%, and 8.1 %. The standard devia-
tion of the three best methods was 2.8%, 4.3%, and 4.7% for the automatic and 
2.1%, 2.4%, and 2.7% for the interactive segmentations, the latter showing a bet-
ter consistency related to the direct user control.  
User interaction and user control of all results on a large number of image slices 
clearly require more time than an automatic approach. If errors have to be correct-
ed thereafter, however, a correction tool has to be applied, requiring additional 
user effort and sometimes even more time than the interactive algorithm for full 
segmentation. An early overview of interactive segmentation approaches, a dis-
cussion of the basic strategies and their evaluation is given in [Olabarriaga and 
Smeulders, 2001]. 
Only a few groups worldwide have focused on dedicated correction methods for 
segmentation in medical data. In most cases, some kind of manual correction on 
2D images is applied, e.g., cutting or adding parts of the segmentation mask by 
drawing an intersection line or curve at the boundary ([Gao et al., 1996] and  
Chapter 3.3). The same type of manual correction is applied in 3D, in most cases 
on the basis of deformable 3D meshes [Bornik et al., 2006, Kang et al., 2004, 
Schwarz et al., 2008, Silva et al., 2010]. A typical example of correcting the seg-
mentation result is presented by Silva et al., who modify the mask by removing 
and adding voxels in 3D by a spherical brush with a user-defined radius [Silva 
et al., 2010]. However, 3D correction tools are not intuitive, and these surface-
based correction methods can result in strange modifications, as shown in the 
same paper. 
 
Few authors have presented papers for dedicated correction of a liver segmenta-
tion mask. A contour-based manual correction algorithm has been developed by 
Heckel based on user-defined correct boundary paths in one image slice, live-wire 
extrapolation on neighbored slices, and morphological postprocessing [Heckel 
et al., 2009]. However, in the area where automatic approaches often fail and cor-
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rections are necessary, the boundary information is low and challenging for im-
age- based approaches, especially when applied to low-contrast or noisy images.  
 
In summary, even the best automatic methods from worldwide groups were not 
able to segment the liver with high quality. Consequently, such automatic tools 
require a correction step to achieve the correct liver shape. Correction takes time, 
especially when it has to be performed on all image slices. Therefore, directly 
using an interactive user-controlled approach from the first segmentation step is a 
consequent conclusion. It also reduces user frustration when automatic results 
differ significantly from the expectations and cannot be corrected easily. 
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2.2 Application to Liver Interventions 
Formerly, when religion was strong and science weak, men mistook magic for medicine, 
now, when science is strong and religion weak, men mistake medicine for magic. 
Thomas Szasz, The Second Sin, 1973 
The result of a liver segmentation is technically, a binary mask identifying the 
organ voxels in the image data
1
. This sounds simple, but the application of this 
information is manifold. From the binary mask itself, the liver volume can be 
computed; a further subdivision of the mask allows estimating the remnant liver 
volume, the graft volume in transplantation, or segmental volumes. The image 
voxel of the radiological data inside the mask can be classified and used for fur-
ther interpretation, e.g., to support diagnosis, identification of vessels and detec-
tion and volumetry of lesions. Finally, the transformation of the binary mask into 
a three-dimensional liver model extends the slice-based radiological view to sur-
gical reality and allows for resection planning and risk analysis.  
The anatomy of the liver is important for clinical applications. This encompasses 
the different vascular systems supplying and draining the organ, and in the case of 
cancer treatment, their relation to tumors. The first section summarizes the vascu-
lar anatomy as well as surgical subdivisions of the liver. Different liver interven-
tions including living donor liver transplantation, resection of hepatic tumors, and 
tumor ablations will be discussed in the following sections. A final section about 
state-of-the-art computer-assistance for hepatic interventions concludes the chap-
ter. 
 
Figure 4:  Anatomy of liver and vascular systems on microscopic scale, lobule (left) and portal 
triad (right). Portal vein (blue), bile ducts (brown), and hepatic arteries (red) run in parallel and 
build the portal triad. From the central veins the blood drains into the vena cava. Reprinted from 
[Aitsebaomo et al., 2008] with permission. 
 
 
1For some approaches, the segmentation result may also be a mesh, a stack of contours, or another 
structure that can be converted into a binary mask.  
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2.2.1 Liver Anatomy and Anatomical Resections 
The liver is located in the upper right quadrant of the abdominal cavity and is the 
largest gland in the body. The organ has a wide range of functions and consists of 
microscopic functional units called lobules (Figure 4). The classical anatomy di-
vides the liver into the right and left liver lobe with the ligamentum falsiforme as 
surface landmark between the lobes. Functionally, the liver is divided according to 
the vascular supply and drainage into right and left hemiliver and further into 
segments or territories. These subdivisions build the basis for the anatomical re-
sections introduced in the following section. 
The Vascular Systems and the Liver Shape 
The vascular anatomy of the liver is complex with four vascular systems supply-
ing or draining the liver: hepatic veins (HV), portal vein (PV), hepatic arteries 
(HA), and bile ducts (BD) (Figure 11). The latter three vascular systems, the por-
tal triad, run almost parallel on the microscopic level (Figure 4), but great inter-
individual variability is present in the liver hilum, where these vessels enter into 
the organ [Imamura et al., 2000, Netter, 2006].  
 
 
Figure 5: Historical illustration of the portal vein [Rex, 1888]. The portal vein trunc (Tr.v.p.) typi-
cally bifurcates into left and right portal vein branch, with a further division of the right branch 
into anterior and posterior branch (left part of the image). The left portal vein includes an umbilical 
part (the Recessus umbilicalis, R.u.) that was part of the prenatal umbilical vein. Other parts of the 
former umbilical vein build the ligamentum terres hepatis (L.t.), lying in a cleft of the liver surface 
that separates the left from the right liver lobe.  
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Figure 6: Drawing of the liver and vascular systems in an embryo [Mall, 1906]. The liver is sup-
plied by the large umbilical vein (u.v., center) and by the portal vein (P). The umbilical vein is 
closed at the time of birth and a part of will remain as the umbilical part of the left portal vein 
(Recessus umbilicalis, r.u.).  
The portal vein carries blood from the small intestine, stomach, and parts of the 
colon to the liver, accounting for about 70% of the overall blood flow to the or-
gan. The remaining blood enters via the hepatic artery, supplying the liver with 
oxygen-rich blood. Blood from both vessel systems merges in the small sinusoids, 
the liver capillaries. From the sinusoids, the blood is recollected by small central 
veins, joining in the hepatic veins and draining finally into the inferior vena cava 
(Figure 4 and Figure 7). 
During prenatal development of the organ, the blood reaches the liver through two 
major veins: the umbilical vein connected to the umbilical cord and the portal vein 
coming from the gastrointestinal tract and the spleen (Figure 6). The closure of the 
umbilical vein at time of birth causes a reverse flow in that vessel and subsequent 
remodeling of the portal vein system that also influences the liver shape. Parts of 
the umbilical vein build the ligamentum teres hepatis, a fibrous cord at the lower 
margin of the ligamentum falsiforme, which divides the liver into right and left 
lobe (Figure 5 and Figure 11). 
The liver shows a high variability in both shape and size. Differences in the organ 
shape are common between ethnical groups, and the overall volume of the liver 
can change during live time. When a person grows or changes weight, the liver 
adapts to the required metabolic demand (cf. Section 1.1, Figure 1). 
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The Couinaud Scheme 
It is difficult to mentally construct the internal 3D structure of the liver based on 
cross-sectional slices of radiological data, or to estimate which part of the four 
vessel systems would be damaged as a consequence of a surgical intervention. To 
enable surgeons to perform liver resections while respecting the vascular anatomy, 
a schematic 3D model of the liver is employed that was introduced by Couinaud 
in 1957, long before CT technology was developed [Couinaud, 1957]. At that 
time, preoperative evaluation of the individual vascular liver anatomy was not 
possible.  
Couinaud subdivided the liver into eight functionally independent segments, each 
with its own vascular inflow, outflow and biliary drainage. The hepatic veins are 
located in the periphery of each segment (Figure 7). Related schemes were devel-
oped by Bismuth, Healey and Schroy, Hjortsjo, and others. An overview is given 
in [Fasel et al., 2010]. 
Dirrectly applying the widespread Couinaud scheme is questionable, because the 
liver segments do not correspond well to the individual territories (cf. Figure 8) 
and do not reflect common anatomical variants, such as trifurcations of the portal 
veins or inferior hepatic right veins draining directly into the inferior cava vein 
[Fasel et al., 1998]. In the following, we will use the term segments for the Cou-
inaud-related liver regions and territories for the individual areas of portal venous 
supply computed from the patient’s portal vein branches.  
 
Figure 7: Couinaud Scheme: the liver is divided into eight segments determined according to the 
main branches of the portal vein and the hepatic veins. A liver segment is supposed to be defined 
by the supplied territory of a third-order branch of the portal vein with intermediate hepatic veins. 
The umbilical part of the portal vein is located between the left lateral segments 2 and 3 and the 
right liver lobe (segments 1,4-8). Reprint from [Castaing et al., 2006] with permission. 
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Figure 8: Variation in portal territories: Four different livers with the individual supplying areas of 
portal vein branches showing large deviations in shape and size. Corresponding portal vein territo-
ries are coded with identical colors: territory 2 (red), 3 (yellow), 4a (light blue), 4b (light green), 5 
(light red), 6 (dark blue), 7 (green), 8 (dark yellow). Territory 1 is centrally located behind the 
other territories. 
 
Anatomical Resections 
Why is the knowledge of vascular anatomy and the individual liver territories so 
important for hepatic surgery? In 1954, John E. Healey summarized the previous 
unawareness of the vascular course with its consequences for liver resections to 
the point: 
‘Although radical operations upon the liver were performed as early as 
1886, little advancement has been made in the surgical technic of such re-
sections. This is due mainly to the fact that surgeons (and anatomists) have 
been total unaware of the intrahepatic course and distribution of the larger 
vascular and biliary channels and that, therefore, incisions through the he-
patic parenchyma have been performed somewhat blindly. It is not surpris-
ing, therefore, that the present day mortality rate for partial hepatectomies 
is little changed from the mortality rate for similar procedures in 1897.’ 
[Healey, 1954]. 
 
2
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The findings of Couinaud and the improvements in surgery by Healey and 
Hjortsjo heavily impacted surgical technique and surgery-related mortality and 
morbidity [Healey et al., 1953, Hjortsjo, 1951]. The mortality rate during or short-
ly after surgery, which reached 50% for right hemihepatectomies in the 1960s 
decreased significantly [Clavien and Breitenstein, 2010]. Nowadays, treatment-
related mortality rates are below 1% in resections for primary liver tumors [Forner 
et al., 2012]. 
Standard resections now take into account Couinaud’s liver subdivision and the 
related terminology of hepatic resections was defined by the International 
Hepatobiliary Pancreatic Association in 2000 [IHPBA, 2000]. This so-called 
Brisbane 2000 Terminology divides the organ following the prevailing anatomy of 
the portal vein and related Couinaud liver segments (see Figure 9). Nevertheless, 
these resections do not consider the patient’s individual anatomy, which can only 
be determined by computer-assisted analysis. 
2.2.2 Tumor Surgery 
Malignant Liver Tumors 
Liver tumors can be grouped into primary liver cancer, in which the disease be-
gins in the cells of the liver, and secondary liver cancer or liver metastases which 
are malignant tumors that have spread to the liver from a primary cancer located 
somewhere else in the body. The distribution of primary and secondary liver tu-
mors is different in Asian and Western countries. Metastases constitute the majori-
ty of malignant liver lesions in the West, whereas primary tumors are the most 
common liver cancer type in Asia. Hepatocellular cancer (HCC), the prevalent 
form of primary liver cancer, is the seventh most common form of cancer world-
wide and the third most frequent cause of cancer-related death (about 500,000 
people worldwide die each year from primary liver cancer ). About 80% of HCCs 
originate from a chronic infection with hepatitis that may lead to cirrhosis and 
liver cancer. HCC is highly prevalent in Asia and southern Africa, but an increas-
ing trend of the HCC incidence in Western countries has been observed in recent 
years [Salhab and Canelo, 2011]. With early diagnosis and modern therapies a 5-
year survival rate above 50% can now be achieved [Forner et al., 2012].  
The secondary malignant liver tumors are metastases of another cancer (like the 
colon, breast, or lung) that spread to the liver. From these, colorectal cancer is the 
third most common malignancy in the West and the second most common in Ja-
pan [Shimada et al., 2009]. The standard curative treatment is liver resection or 
local ablative therapies such as radio frequency or microwave ablation (see Sec-
tion 2.2.4). The 5-year survival rate following liver resection ranges between 25% 
and 58% compared with 0% to 5% for patients who cannot or will not undergo 
surgery [Shimada et al., 2009]. 
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Figure 9: Examples of the Brisbane Terminology of Liver Resections for different orders of liver 
subdivision. These standard resections are based on a schematic anatomical subdivision of the 
liver following the Couinaud segments [IHPBA, 2000]. 
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Tumor Resections 
Surgery has been established as the gold standard in tumor therapy, and in recent 
years, additional localized therapies have been clinically adapted for liver cancer 
cases for which surgery is not possible. During liver surgery, the part of the liver 
containing the tumor is removed. This can be performed during open surgery or 
by laparoscopic intervention. For laparoscopic surgery, specialized instruments 
and a dedicated camera (laparoscope) are passed into the abdomen through small 
incisions (cuts). Laparoscopic surgery is also called ‘key-hole surgery’ or ‘mini-
mally invasive surgery’.  
There are several risks during surgical resection of tumors, with the most severe 
risk being liver failure. Two major risk factors include insufficient volume of the 
remnant liver after surgery as well as deficient health of the remaining liver tissue. 
The latter can result from pre-existing liver diseases such as steatosis (fatty liver 
degeneration), cholestasis (bile duct occlusion), fibrosis/cirrhosis, or reduced 
blood flow hampered by the resection. 
In the following, we will use different terms of ‘liver volume’. The overall amount 
of liver mass including tumors will be called anatomical volume or liver volume. 
The amount of liver parenchyma without tumors will be called tumor-free volume. 
The liver volume without tumors and without perfusion deficits (e.g., outflow 
obstruction after resection) will be called functional volume. 
In case of metastases in an otherwise healthy organ, a functional remnant liver 
volume of 25%-30% of the tumor-free volume before surgery is sufficient. This 
remnant volume has to be higher for diseased organs where the liver tissue is mal-
functioning, and the exact amount of minimum volume necessary is difficult to 
predict in these cases. 
To minimize tumor recurrence (i.e. cancer regrowth after surgery), a margin of 
healthy tissue surrounding the tumor, the safety margin, has to be removed with 
the cancer. The macroscopically and histologically complete tumor removal (so-
called R0 resection) is the most important factor for long-term survival 
[Altendorf-Hofmann and Scheele, 2003]. For example, if macroscopically visible 
tumor portions remain in the liver (R2 resection), or if cancer cells are found in 
the margin of the resected liver part microscopically (R1 resection), the risk of a 
recurrent tumor increases significantly. Therefore, the resection should be per-
formed by transecting tissue with a certain distance from the tumor, e.g., 10mm 
for metastases. But resecting a tumor in this way is a challenging procedure be-
cause the tumor is not visible from outside, and the real distance from the current 
resection to the tumor may be unknown during the intervention. Furthermore, 
when removing the tumor with a safety margin, all vessels in this area will be 
truncated, leading to unperfused or undrained liver regions with additional func-
tional impairment and risks for the patient.   
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The two competing goals of obtaining a broad safety margin around the tumor 
while saving sufficient functional liver volume in the challenging presence of the 
vessels complex anatomy motivated the development of patient-specific, comput-
er-assisted planning tools (see Section 2.2.5 and Section 3.2). 
2.2.3 Living Donor Liver Transplantation 
History 
Compared to tumor resections, the surgical domain of liver transplantation is an 
emerging discipline. The first attempt of a liver transplantation in men was per-
formed 1963 by Thomas Starzl [Starzl et al., 1963]. However, the patient died 
during the operation. Five years later, Starzl reported the first successful series of 
seven liver transplantations [Starzl et al., 1968a, Starzl et al., 1968b]. Significant 
improvements in long-term survival could be achieved after introduction of new 
immunosuppressants and optimized preservation techniques [Calne et al., 1979, 
Calne et al., 1981, Iwatsuki et al., 1988]. When the US National Institutes of 
Health Consensus Conference considered liver transplantation as an accepted 
therapy in end-stage liver disease in 1983, the patient waiting list for liver organs 
increased rapidly [Clavien and Breitenstein, 2010]. The related shortage of availa-
ble donor organs, and especially that of pediatric livers, stimulated the develop-
ment of new techniques such as reduced-size liver and split-liver transplantations 
[Pichlmayr et al., 1988, Broelsch et al., 1988, Starzl and Demetris, 1990]. In split-
liver transplantations, the cadaveric liver is divided for transplantation of both 
parts into different recipients. Pichlmayer invented this type of transplantation in 
1988 while working at the Medical School in Hannover [Pichlmayr et al., 1988]. 
With the first split of a living donor organ and transplantation of a left lateral lobe 
into a 4½-year-old child in 1988, Raia started the era of living donor liver trans-
plantation [Raia et al., 1989]. This first LDLT was followed by a left lobe graft 
donation from a Japanese mother to her son in Brisbane [Strong et al., 1990]. In 
the following years, the technique was refined by a number of surgeons world-
wide, e.g. [Mori et al., 1992]. Broelsch reported the first series of patients from 
Chicago in 1991, and performed the first LDLT in Europe [Broelsch et al., 1991]. 
 
LDLT Worldwide 
 
In Asia, LDLT was adopted rapidly because cadaveric liver donation did almost 
not exist. In June 1990, surgeons at the Kyoto University performed the first suc-
cessful LDLT in Japan [Ozawa et al., 1992], followed by transplantations in Hong 
Kong in 1993 [Yeung et al., 1994] and Korea and Taiwan in 1994 [Lee et al., 
1996, Chen et al., 1996]. The first live liver graft for an adult recipient was trans-
planted by the Makuuchi group in Japan in 1993 [Hashikura et al., 1994].  
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By 2002, the five major Asian liver transplant centers
1
 had performed 1508 
LDLTs including 766 ALDLTs [Lo, 2003]. Of these centers, the team of Prof. 
Koichi Tanaka and colleagues from the Kyoto University had the most experience 
[Chen et al., 2003], cf. Figure 10.  
The 1508 LDLTs in the five major centers in Asia compare to 1652 cases in all 
American transplant centers [OPTN, 2012] and to 488 LDLTs in the 
Eurotransplant region [Eurotransplant, 2012] in the same period. Since 2002, the 
numbers of adult LDLT have declined rapidly in the USA and Europe due to the 
increased public awareness of the possibility of donor death. As of 2009, the 
highest LDLT numbers in Europe were performed in Germany (60), Spain (29), 
United Kingdom (25), and Belgium (23) [NewsletterTransplant, 2010]. In Asia, 
however, where cadaveric grafts are very rare, the demand for LDLT has contin-
ued and the numbers are still increasing. An overview of LDLT data with the five 
biggest centers in Asia and North America and their numbers are listed in Table I. 
LDLT numbers for different regions and countries of the year 2009 and accumu-
lated for the years until 2009 are given in Table II.  
 
 
 
 
 
 
 
 
 
1Kyoto University Hospital, Kyoto; Asan Medical Center, Seoul; University of Tokyo, Tokyo; University of 
Hong Kong Medical Center, Hong Kong; and Chang Gung Memorial Hospital, Kaohsiung 
 
Figure 10: Annual numbers of LDLTs performed in the first twelve years in the major five Asian 
centers [Chen et al., 2003]. Asan: Asan Medical Center, Seoul; CGMH: Chang Gung Memorial 
Hospital, Kaohsiung. 
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TABLE II 
LDLT NUMBERS FOR DIFFERENT REGIONS 
Region 
LDLTs  
in 2009 
Accumulated 
LDLTs until 2009 
Time Period 
Japan ~470 5659 1990-2009 
Korea 718 4878 1994-2009 
USA 219 4004 1989-2009 
Eurotransplant Countries 98 1374 1991-2009 
Taiwan Unknown ~1200 1994-2009 
India ~320 ~1060 1994-2009 
Sources: Organ Procurement and Transplantation Network [OPTN, 2012], LDLT Congress, Hong Kong 2010 
[ALDLT, 2010], and Eurotransplant (Austria, Belgium, Croatia, Germany, Luxembourg, the Netherlands and Slove-
nia) [Eurotransplant, 2012] 
 
TABLE I 
LDLT NUMBERS FOR SELECTED TRANSPLANTATION CENTERS IN ASIA AND NORTH AMERICA 
Transplantation Center 
LDLTs  
in 2009 
Accumulated 
LDLTs  
2005 - 2009 
Asan Medical Center, Seoul 290 ~1300 
Chang Gung Memorial Hospital, 
Kaohsiung 
107 ~370 
Kyoto University Hospital 70 ~400 
University of Hong Kong Medical 
Center 
39 ~240 
University of Tokyo ~24 ~130 
Lahey Clinic, Burlington 24 125 
University of Pittsburgh 13 108 
New York Presbyterian 17 61 
University of California, 
San Francisco Medical Center  
9 57 
New York Mount Sinai 3 47 
Sources: Organ Procurement and Transplantation Network [OPTN, 2012] and LDLT Congress, Hong Kong 2010 
[ALDLT, 2010]. 
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Surgical Technique 
In LDLT, the liver of a voluntary healthy donor is divided into the graft for the 
recipient and the donor’s remnant liver. The donation of the left lateral lobe to a 
pediatric recipient is now an established transplantation procedure and typically 
requires no computer-assisted planning due to noncritical functional remnant liver 
volume. In contrast, ALDLT is highly challenging because the donor liver must be 
divided in the middle of the right liver lobe near the middle hepatic vein (Figure 
11). The remaining functional volumes of the two liver parts have to be sufficient 
for the healthy donor as well as for the diseased recipient. This is difficult to 
achieve, especially in cases in which the recipient’s weight and related hepatic 
demand is much higher than that of the donor (e.g., a small woman wants to do-
nate to her tall husband). It is now generally accepted that the minimal remnant 
liver volume for a safe donor operation should be 35% of the original liver vol-
ume [Hwang et al., 2006, Asakuma et al., 2007, Taner et al., 2008] or at least 30% 
when there is no risk of venous congestion (e.g., when the MHV is retained with 
the remnant liver) [Fan et al., 2011]. The recipient demand is higher due to the 
pre-existing disease and health condition, and the original liver volume cannot be 
used to estimate the functional demand due to volumetric alterations of the dis-
eased organ. As a compromise, formulas based on the estimated standard liver 
volume (ESLV, cf. Section 1.1) are used to compute the required minimal demand 
of the recipient. Typically, 40% of the ESLV volume or 1.0% of the recipient’s 
body weight is generally believed to suffice for survival [Asakuma et al., 2007, 
Fan et al., 2011]. 
 
The Dilemma of the Middle Hepatic Vein 
The major surgical challenge in ALDLT is the resection of the donor liver near the 
middle hepatic vein. Since the introduction of ALDLT, it has been discussed 
whether the MHV should be included in the liver graft or retained in the healthy, 
voluntary donor. Independent of right- or left-lobe donation, tributaries of the 
middle hepatic vein will be truncated in one of the hemilivers, potentially leading 
to reduced outflow und insufficient hepatic function in the critical situation direct-
ly after the transplantation. In small remnants or grafts, this could eventually lead 
to organ failure [Fan et al., 2011, Radtke et al., 2007a]. Therefore, it is essential in 
ALDLT to evaluate the individual donor liver anatomy and related territorial func-
tional volumes as well as to virtually plan the intervention to account for all risks. 
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Figure 11: Typical donor liver resection for ALDLT. The resection on one side of the MHV will 
lead to truncation of tributaries of the middle hepatic vein, either on the right side (green resection 
line) with the risk of outflow obstruction in the territory 5 and 8 (green arrows) or on the left side 
(orange line) with territory 4a and 4b at risk of venous congestion (orange arrows). Modified from 
http://www.rbk.de/. 
 
2.2.4 Thermal Ablations and Other Therapies 
Today, surgical resection of primary cancer and solitary metastases is the gold 
standard for tumor treatment in the liver. However, out of more than 5 million 
cases of liver cancer per year worldwide, only 5-30% are suitable for surgical re-
section depending on the selection criteria [Forner et al., 2012]. In patients ineli-
gible for surgical resection due to the tumor number or location or their general 
condition, local treatment forms such as radio-frequency ablation (RFA) have be-
come increasingly clinically used [Salhab and Canelo, 2011]. RFA is a therapy 
that locally destroys tissue by heating it above 50ºC, where tissue (both tumor and 
normal) is destroyed due to thermally induced coagulation of cellular proteins. 
The first promising investigations on thermal ablation of tumors have been per-
formed in the 1990s, and RFA has since become a widely used approach for the 
treatment of primary cancer and metastasis in the liver.  
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Figure 12: Two types of radiofrequency probes and ablation zones. The needle shape applicator 
generates an ellipsoid-shaped lesion (Left, image courtesy Celon AG, Berlin). The parachute-like 
device (right image) opens after needle positioning and creates a larger mushroom-like destruction 
area [Rieder et al., 2011]. 
 
RFA Technique 
During an RFA procedure, an applicator containing electrodes is inserted into the 
tumor and connected to an electric generator, which causes the local flow of an 
alternating electric current through the tissue. Because the tissue resists the elec-
tric current, heat develops and leads to thermal destruction of the cells in the vi-
cinity of the probe (Figure 12). Alternative thermal ablation approaches heat tu-
mor cells by laser irradiation, microwaves or highly focused ultrasound, but 
clinically, RFA has so far been the most widely used approach [Shimada et al., 
2009]. 
For thermal ablation, the remaining functional liver volume is typically no major 
risk factor. Instead, computer-assistance in ablation focuses on optimally position-
ing the applicator(s) and determining the minimal energy necessary for complete 
tumor destruction. In numerical simulations of the intervention, heat sink effects 
induced by the blood flow in nearby vessels are important because they decrease 
the effective coagulation area. The related risk of insufficient tumor destruction 
and tumor recurrence can be mathematically estimated before the intervention and 
consequently avoided by adaptating RFA parameters and optimization of applica-
tor position or number [Kroeger et al., 2010b, Schumann et al., 2010, Rieder et al., 
2011], see also Section 3.2.3. To support the positioning, first approaches utilizing 
navigation systems have been developed [Peterhans, 2010, Wood et al., 2010]. 
Here, the liver segmentation result or landmarks extracted therefrom are often 
used for initial registration between the three-dimensional virtual organ model and 
the real liver in the intervention room. 
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Other Therapies 
Other therapies for which the liver model and computer-assistance may play a role 
in the future are portal vein embolisation, local chemotherapy and radioembolisa-
tion. Portal vein embolisation is performed in patients with multiple metastases 
located in one liver lobe or hemiliver, but with insufficient remnant liver volume 
after resection. By occluding dedicated portal vein branches in the affected liver 
area, the blood supply is reduced selectively and the regenerative power of the 
organ induces growth of the other side. After three to four weeks, the future rem-
nant liver becomes larger and the cancerous liver part can be resected [Shimada 
et al., 2009]. The liver segmentation can be used to determine the optimal time 
point for surgery, when the future remnant liver is sufficiently large and before the 
distributed growth factors induce the development of new metastases. 
For local chemotherapy and radioembolisation, the drug or radiation dose that is 
locally applied via an arterial catheter can be estimated with the help of liver seg-
mentation. The selectively applied dose can be optimized by computing supplied 
territories and the related regional tumor load. Currently, this is not a routine pro-
cedure but performed reliably for hemilivers or portal vein territories in clinical 
studies. In the future, imaging with higher spatial resolution may enable the seg-
mentation of finer arterial branches including the tumor supplying vessels. The 
segmentation of these vascular structures together with the liver segmentation 
may enable computing related arterial liver territories and volumes for locally 
adapted dose application and planning selective access paths. 
Further therapies for primary liver tumors or metastasis include chemotherapy, 
ethanol injection, transplantation, and ablation by irreversible electroporation. 
Detailed overviews are given in recent papers about HCCs [Clark et al., 2005, 
Forner et al., 2012, Salhab and Canelo, 2011], liver metastases [Shimada et al., 
2009] and minimally invasive therapies [Rempp et al., 2011]. 
 
2.2.5 Computer-Assistance for Hepatic Interventions 
Hepatic interventions can be supported by software in many ways for different 
purposes. The following list shows important tasks for computer-assistance sorted 
by application time (before, during, or after the intervention): 
 Preoperative planning with 
o exploration of 3D anatomy 
o computation of local territories and volumes 
o virtual resection 
o volume estimation for the future remnant liver 
o risk analysis for obstructed vascular supply or drainage (computa-
tion of functional volume) 
o distance computation between resection plans and risk structures 
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o modeling of thermal ablations 
o optimization of access path (biopsy, ablation) 
o optimization for positioning of single or multiple instruments 
o planning of radiotherapy and optimal dose 
 
 Intraoperative support or monitoring by 
o guided placement of instruments (e.g. biopsy needles and ablation 
probes) 
o navigated surgery (tracking of instruments and combined visualiza-
tion of 3D model, real organ, and intraoperative imaging) 
o overlaying the camera view with planning data in laparascopic in-
terventions 
o tracking of patient movements (e.g. breathing) for accurate target-
ing in radiotherapy 
 
 Postinterventional control by 
o comparing tumors and ablation lesions 
o volume computation after PVE 
o combining follow-up data for regeneration studies 
o follow-up evaluation of a multistep therapy (e.g. tumor growth or 
shrinkage) 
 
 Training and teaching in medical education. 
 
Because this thesis focuses on liver segmentation that is performed typically in the 
planning step, we will discuss this preoperative computer-assistance in more de-
tails. The result from a liver segmentation mask is utilized also in the other tasks 
in similar ways. Recent overviews for the other applications are given by different 
authors, e.g., for intraoperative support and navigated surgery [Peterhans, 2010], 
for ablation simulation, monitoring and postoperative control [Schumann et al., 
2010, Wood et al., 2010], for the application of tumor segmentation in software 
assisted therapy follow-up [de Hoop et al., 2009, Moltz et al., 2009], and for 
teaching and training in laparoscopic surgery [Gurusamy et al., 2008]. Examples 
for teaching tools of liver anatomy and surgery can be found in [Crossingham 
et al., 2009, Hoehne et al., 2003]. 
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Figure 13: Image processing steps in computer-assisted analysis of liver data as performed at 
Fraunhofer MEVIS. Top row (from left to right): data import, selection of phases and region of 
interest, preprocessing for contrast enhancement, vascular segmentation, skeletonization of vessel 
trees, vascular analysis and hierarchical subdivision. Second row: liver segmentation, computation 
of vascular territories, virtual resection. Third row: tumor segmentation, tumor-related risk analy-
sis, territories at risk. Lower row: potential application of the patient-individual model for RFA 
treatment. 
 
Data Acquisition for Preoperative Planning 
The decision about a hepatic intervention relies on the detailed knowledge about 
the individual liver anatomy and pathologies that can be extracted from contrast- 
enhanced CT or MRI data. During contrast-enhanced image acquisition, contrast 
media is injected, and reaches the liver artery first, then reaches the portal vein 
system, and finally leaves the organ via the hepatic vein system. Typically, two to 
four datasets are acquired sequentially, highlighting in the optimal case only one 
of the vascular systems in each time point. Imaging of bile ducts requires specific 
contrast agents that are secreted actively by the hepatocytes and excreted via the 
biliary system or the combination with magnetic resonance cholangiopancrea-
tography (MRCP) based on a T2-weighted MRI sequence. 
Image Analysis 
To analyze radiological data, several image processing steps are performed in the 
MeVis software assistant Liver Analyzer, (former HepaVision) [Bourquain et al., 
2002, Schenk et al., 1999], see also Section 3.2. Research prototypes from other 
groups or commercial systems, described in the next section, typically include a 
subset of these steps.  
© Fraunhofer MEVIS
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The single image processing tasks are as follows (and illustrated in Figure 13): 
1) Registration of different image phases 
2) Preprocessing for denoising and contrast enhancement [Schenk et al., 
2007, Selle et al., 2002] 
3) Segmentation of the liver (see sections 2.1 and 3.1) 
4) Segmentation of tumors [Moltz et al., 2009, Schwier et al., 2011] 
5) Segmentation and analysis of vascular structures [Selle et al., 2002] 
6) Computation of vascular territories [Selle et al., 2002] 
7) Virtual resection [Konrad-Verse et al., 2004] 
8) Risk analysis [Schenk et al., 2008b, Selle et al., 2000]. 
Software Applications and Distant Service 
The MeVis group started in 1992 as the first group world-wide to investigate 
computer-assisted 3D reconstruction of hepatic vascular systems and the risk 
analysis for liver interventions. Research on functional vascular territories and 
tumor safety margins finally led to certified software assistants for liver surgery 
planning. The first image analysis procedure developed in this area was the seg-
mentation of vascular structures from CT data published in 1993 [Leppek et al., 
1993, Zahlten et al., 1995]. The initial liver segmentation was based on the water-
shed algorithm and required downscaling the data and subsequent upscaling of the 
result due to the relative high memory requirements for that time [Schenk et al., 
1999, Schindewolf and Peitgen, 2000, Schindewolf et al., 1999]. The live wire 
algorithm replaced this segmentation method in 2000, which was later replaced by 
the extended approach presented in this work. The developed live wire method for 
liver segmentation is still used in daily routine, 12 years after the first implemen-
tation.  
HepaVision, the first comprehensive liver software application, included all basic 
image analysis steps and was developed at MeVis in 1999 [Schenk et al., 1999] 
(for details see Section 3.2.1). A change in the operating system (from Unix to 
Windows) and significant changes in the underlying MeVisLab platform in 2001 
led to a redesign and separation of image analysis and final result visualization, 
and to the development of the new software assistants HepaVision2 and the Liver 
Intervention Planner [Bourquain et al., 2002, Preim et al., 2001b]. The visualiza-
tion step of HepaVision was extended with dedicated interaction techniques that 
allow virtual resection planning, distance measurements and a more flexible pres-
entation of results [Hahn et al., 2001, Preim et al., 2001a, Preim et al., 2001b, 
Preim et al., 2002]. Within the SIMPL research project (2002 to 2004), a distant 
service for image analysis and risk analysis in liver surgery planning was estab-
lished and evaluated [Hennemuth et al., 2006]. Using secure Internet connections, 
CT images from hospitals worldwide are sent to MeVis. Risk analysis and preop-
erative planning are performed, and results, including 3D visualizations, anatomi-
cal or functional volumes, and movies are sent back to the hospital. More than 
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6000 data sets have been evaluated for surgical planning, in research projects and 
in the distant service that has been commercially available from MeVis Medical 
Solutions since 2005 [MDS, 2012].  
Analyzing risk and planning LDLT began in 1998 together with Prof. Karl J. Old-
hafer at the Medical School Hannover and was intensified later at the University 
Hospital Essen [Hoegemann et al., 1999, Oldhafer et al., 1999, Radtke et al., 
2007b, Radtke et al., 2010]. The MeVis computer-assistance for LDLT was also 
used in other medical centers, but the breakthrough for this technique was a meet-
ing with Dr. Yasuhiro Fujimoto and Prof. Koichi Tanaka from the Kyoto Univer-
sity in October 2012. Prof. Tanaka realized the potential of our risk analysis for 
the middle hepatic vein, insisted having the information available for every 
ALDLT from this time point on, and propagated the method in the transplantation 
society [Bourquain et al., 2003, Asakuma et al., 2007]. This cooperation was the 
starting point for the worldwide-recognized MeVis risk analysis for LDLT and 
basis for an increasing number of clinical partners in research and customers of 
the distant service [Schenk et al., 2009].  
  
Other research groups have been investigating liver surgery planning, navigation, 
and training. Examples include the Division of Medical and Biological Informat-
ics at the German Cancer Research Center in Heidelberg, the Zuse Institute Ber-
lin, the Research Institute against Digestive Cancer (IRCAD) in Strasbourg, the 
Institute of Imaging Science at the Vanderbilt University, the ARTORG center at 
the University Bern, and the Department of Simulation and Graphics at the Uni-
versity of Magdeburg. Some of these institutions have also begun to develop 
commercial software applications and companies that support liver interventions. 
The demand for computer-assistance before and during liver interventions can be 
recognized in the increasing number of commercial products, such as Mint Liver 
by mint medical (Heidelberg, Germany), Scout Liver and Explorer Liver by Path-
finder Therapeutics (Nashville, USA), IQQA-Liver by EDDA (Princeton, USA 
and Shanghai, China), and CAS-One by Cascination (Bern, Switzerland). 
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3 Overview Own Work 
Nothing in life is to be feared, it is only to be understood.  
Now is the time to understand more, so that we may fear less. 
Marie Curie 
3.1 Liver Segmentation  
The liver segmentation approach that will be presented in this chapter, allows for 
the semi-automatic extraction of the organ in little time and with a user-defined 
quality, from a rough contouring to most accurate contours for high-risk surgery.  
The starting point at the time of the algorithm development in 1999 was the de-
mand for a high-quality segmentation approach for clinical use. The method was 
to overcome the time requirements of the labor-intensive manual contour delinea-
tion but also avoid the typical and significant errors of automatic or 3D algo-
rithms. Because automatic approaches did not achieve the quality required for 
high-risk surgery and required much computation and memory, a semi-automatic 
approach was chosen. The concept was to use the user knowledge directly during 
the segmentation process on 2D images and to reduce the overall number of con-
tours interactively drawn by a contour interpolation method. Besides several op-
timizations of the basic algorithm, two different modes for contour correction and 
another mode for MRI data were implemented. The chapter concludes with an 
extensive evaluation applied to more than 2000 data sets. 
3.1.1 The Concept 
The basic ideas of the developed approach are to 
1) use the user knowledge about the object properties and 
2) accelerate the interactive process of contour delineation while maintain-
ing the high quality.  
For the first purpose, the live wire approach is perfect, because the knowledge 
about the boundary and image properties of the liver can be translated into param-
eters of the algorithm, and the user directly controls the segmentation process by 
steering the algorithm to the correct boundary points, e.g., when the automatic 
process fails to find the correct contour segment.  
The second step of interpolation aims to reduce the required interaction time by 
discarding the interaction with a number of image slices and by generating the 
remaining contours automatically. For this purpose, the shape-based interpolation 
was chosen, because it is a fast method able to deal with topological changes. For 
example, it can transform several contours on one slice into one contour on the 
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next slice. The last steps of automated and interactive contour correction allow 
optimizing the overall result. 
3.1.2 Live Wire 
We will shortly resume the fundamental ideas of the live wire method: the two-
dimensional image is transformed into a directed, weighted graph. Vertices of the 
graph represent image pixels while edges connecting neighboring pixels in two 
directions. The edges are weighted with local cost functions that are typically a 
weighted sum of different gradient functions and the Laplace function. In our im-
plementation, a boundary cost function was added to consider the gray values at 
the object outline. After calculating the cost graph, the user starts the segmentation 
by setting a first seed point on the boundary and moving the mouse along the out-
line of the object. Shortest paths – those with lowest accumulated costs – from the 
seed to at least the current mouse position are computed using Dijkstra’s algo-
rithm [Dijkstra, 1959]. The live wire path snaps to the boundary while the user 
moves the mouse over the image. This is achieved by a real-time computation of 
the path with lowest costs from the last seed point to the current mouse position. A 
new seed point has to be set before the path starts to deviate from the desired con-
tour. New shortest paths are computed from the new seed point, and the procedure 
is repeated. A final closure leads to a controlled and piecewise optimal segmenta-
tion result. 
The implementation of our live wire approach was provided with the additional 
concepts of boundary snapping and data-driven cooling to automatically generate 
seed points [Barrett and Mortensen, 1996, Mortensen and Barrett, 1995]. Bounda-
ry snapping moves the user-defined seeds to a pixel position with high gradient or 
low local costs, whereas cooling automatically generates new seeds when the con-
tour does not change for a predefined amount of time or number of user interac-
tions. Both concepts introduce a form of automation that reduces the direct con-
trol. Experience with the image data showed that the impact of these two features 
was limited, while the correction of erroneous seeds was annoying and time-
consuming. Therefore, the methods were not used in the final daily routine. 
Instead, the developed algorithm extends and optimizes the basic approach with 
the following features: 
 Refinement of the contour 
The original live wire algorithm takes a 4-neighborhood into account for 
cost and path computation. The resulting path shows a step-wise appear-
ance. By extending the four directly connected pixels with the pixels in the 
diagonal neighborhood, the live wire contour results in a much smother 
shape. This decision for 8-neighborhood led to an update of the cost func-
tion, which now requires additional definitions for diagonal connections. 
The cost function was therefore extended by both a length factor and by 
orientation-dependent costs to specify and optimize the resulting live wire 
path further. 
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The increased computational effort for the larger neighborhood was com-
pensated by improvements in the basic implementation, described later. 
 
 Computational acceleration 
One of the time-critical steps during computation of shortest paths repre-
sents sorting the list of pixels with undetermined final path. By restricting 
the local costs between two image pixels to integer values with an upper 
bound of the maximal local costs, the required time can be reduced signifi-
cantly by using a bucket list for sorting [Cherkassky et al., 1994]. Alt-
hough the maximal cost value under all paths is unknown, the length of 
this bucket list can be delimited. Because paths are considered in ascend-
ing costs, and the new maximum will be below the current cost plus the 
maximum of local costs C, the bucket list can be implemented as a cycle 
of length C. In this way, the computational time for sorting can be reduced 
significantly. Similar approaches can be found in [Stalling and Hege, 1996, 
Falcao et al., 2000]. 
 
 Locally restricted cost computation 
The computation of paths between the last seed point and the current 
mouse position does not require the computation of minimal paths for all 
image pixels. Because of positive costs and sorting undermined paths with 
increasing costs, computing of paths to the current mouse position can be 
finished when all direct neighbors of this position have been considered 
for path computation. We further limit this cost computation by restricting 
the image area for path finding, only considering pixels within a given dis-
tance of the contours of the previously segmented image slice. This ap-
proach limits computation and avoids boundaries with similar gradient or 
cost values, especially for larger images. An example is illustrated in Fig-
ure 14. Details of the locally restricted costs and implementation are given 
in [Schenk et al., 2001a].  
 
 Dedicated cost functions for the liver 
In our implementation, the user can select different gradient functions, the 
Laplace function, and an object boundary function and weigh them accord-
ing to their relevance for the desired boundary. For every cost function, a 
preset of mean and standard deviation defines a Gaussian-distributed value 
weighting. In case of the special boundary function, the parameters are de-
fined separately for values inside and outside of the object and combined 
in the boundary function. 
For liver segmentation, we used the combination of a directed gradient 
function similar to the Sobel edge detection filter [Falcao et al., 1998] and 
the directed boundary function. Parameters for both functions (weights, 
mean, and deviation) were determined experimentally for the venous CT 
phase as well as for the arterial phase. 
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Figure 14: Globally and locally restricted costs. The computation time for the cost function can be 
reduced by restricting the relevant region (upper row, global costs left, locally restricted costs on 
the right). Furthermore, it also improves the live wire contour by avoiding erroneous short cuts 
(lower row, live wire contour based on global costs left, based on locally restricted costs on the 
left). 
 
 Learning cost parameters 
The user can directly set or change the parameters of the cost function. 
Whereas the relevance or weight of a single cost feature can be judged by 
inspecting the respective cost image (cf. Figure 14), the parameter values 
of each single cost feature are difficult to determine. A learning algorithm 
allows automatic identification of these values based on the evaluation of 
one or more existing contours. The user can define these contours as man-
ual or live wire contours. 
 
 Locally adapted cost parameters 
Motivated by the demand for liver segmentation in MRI data, the global 
learning approach was refined. Considering the typical inhomogeneity in 
MR images (cf. Figure 14), a locally adapted learning method seemed 
more appropriate than global cost parameter learning. Because the proper-
ties of the image at the object boundaries are similar to neighboring slices, 
local parameter learning was implemented. 
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Using the coherence between the desired and the nearest adjacent con-
tours, the contour and image information on the related slice is taken as 
reference for the current image. The reference contour is divided into seg-
ments for each cost feature, and cost feature parameters are learned for 
each segment. Partitioning of the reference contour is implemented as an 
iterative method, merging very small contour segments into larger units 
while keeping the sum of all cost feature deviations minimal. The merging 
step is repeated until a given minimal number of contour segments is 
reached. Additional merging for short segments was implemented and ap-
plied to avoid segments shorter than a given minimal length.  
Finally, the indices of the contour segments for every cost feature are 
propagated based on distances from the reference contour onto the image 
and define a label image with indices for feature-specific regions. During 
path computation, this label image is used to compute the locally adapted 
costs and minimal live wire path. Details of the implementation are given 
in [Schenk et al., 2001a]. 
 
 Manual drawing in the live wire mode 
For difficult image areas where no real liver boundary is recognizable or 
where the live wire algorithm snaps to the wrong edges, parts of the con-
tour can be drawn manually. For this purpose, the user keeps the mouse 
pressed while following the user-estimated organ boundary. Internally, all 
mouse positions will be collected and combined to a polygon that is part of 
the final contour. This mode avoids multiple mouse clicks of the live wire 
approach and accelerates the definition of the contour in areas where the 
liver boundary has to be estimated by the user. 
 
3.1.3 The Combination with Shape-Based Interpolation 
At the time of development, only one live wire approach for the segmentation of 
3D objects in images stacks had been published [Falcao and Udupa, 1997]. This 
approach by Falcao was based on the projection of interactively defined live wire 
contours onto orthogonal cross-sections through the volumetric image and repeat-
ed live wire application between the intersection points. With this algorithm, addi-
tional user interaction was required to follow the topology of objects with com-
plex shapes. For instance, stacks of images for which the object could be 
represented by two contours each had to be separated from image stacks with 
more or less object outlines in a slice.  
In contrast, we aimed to ease the user workflow by avoiding specific user interac-
tion in cases of topological changes. A method that allows for such a contour in-
terpolation is the shape-based interpolation [Raya and Udupa, 1990]. It consists of 
several steps, illustrated in Figure 15 and described in the following. First, a bina-
ry scene is generated from a given object contour. Subsequently, the distance to 
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this boundary is mapped into a new gray-level scene with positive distance values 
inside and negative distance values outside the object (shown as absolute values in 
Figure 15). In the third step, the distance images are interpolated with a conven-
tional gray-level interpolation technique such as linear interpolation. The interpo-
lated gray-level scenes are converted back to a binary contour image by identify-
ing the zero-crossings.To compute the distance transformation, a version of the 
city-block distance is often employed due to its short computation time [Raya and 
Udupa, 1990]. We implemented two consecutive chamfering processes 
[Borgefors, 1986, Herman et al., 1992] realized with 3×3-kernel operations. This 
chamfering method leads to more accurate results because this transformation 
better approximates the Euclidean distance [Borgefors, 1986]. After the initial 
shape-based interpolation, the zero-crossings of the distance image define the 
boundary points of the new contours. To obtain real contour paths, these zero-
crossing pixels have to be sorted and arranged. The correct ordering of these 
boundary points and the identification and separation of more than one contour 
proved to be a challenging task. For this purpose, we developed a dedicated path-
search algorithm [Schenk et al., 2000].  
 
a    b   b    a 
 
Figure 15: Shape-based interpolation: User-defined contours in CT images (a, top row) are con-
verted to binary scenes (a, middle row). Distance images are computed from these binary images 
and interpolated for the intermediated image slices (bottom row). From the interpolated distance 
images, the new contours for the intermediate images are computed automatically (b, middle and 
upper row). 
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The same boundary sorting algorithm can be employed to transform a binary 
mask into a dedicated contour representation. This method allows computing 
boundary contours from the result of a region-based segmentation approach (real-
ized as the module Region2Contour in MeVisLab [MeVisLab, 2012]). 
The combination of live wire and shape-based interpolation is illustrated in Figure 
16. The user starts with the live wire algorithm on individually selected slices. If 
contours on at least two slices are available, all contours on slices in between can 
be computed using shape-based interpolation. During this process, the user is free 
to apply one of two methods: live wire and shape-based interpolation in an alter-
nating fashion or in a two-stage approach interactive contour tracing on a larger 
number of slices with subsequent interpolation. The only restriction is that the first 
and the last slices of the object of interest are required to be segmented interac-
tively with the live wire algorithm.  
 
Figure 16: Combination of live wire and shape-based interpolation: User-steered segmentation of 
selected slices followed by automatic interpolation and optimization of the intermediate contours. 
Optimization of Interpolated Contours 
Shape-based interpolation is based solely on the geometry of contours and consid-
ers no image information. Therefore, interpolated contours may not fit to the de-
sired organ boundary in all images. To correct these contours automatically, an 
optimization step was developed. The underlying idea was to adapt the new con-
tours by employing the live wire algorithm and to recalculate contour segments as 
optimal cost paths between seed points. For this purpose, seed points have to be 
generated for the interpolated contours.  
Our method copies the seed points from the two adjacent user-defined contours 
onto the interpolated contour. For every user-defined seed point, the nearest point 
on the contour path is determined. If two points are closer than a given minimal 
distance, they are merged into one central seed point. For instance, using user-
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defined seeds instead of equally distributed seeds along the interpolated contour is 
reasonable, because these points represent the user knowledge and were typically 
defined in regions of high curvature or weak edges. 
After seed point creation, the live wire algorithm is started for each seed point to 
determine the minimal cost path to the next seed point. In this way, live wire seg-
ments are computed automatically, iteratively leading to new optimized contours. 
In the implementation, contours are labeled with their construction algorithm, e.g., 
‘live wire’ and ‘interpolation’. Thus, the interpolated contours can be detected, 
and the optimization can be applied selectively. However, the user can also start 
the optimization for all contours to adapt the contours after a change in the cost 
function parameters. 
3.1.4 Correction Techniques 
To allow a user-friendly correction of object contours, two modes were imple-
mented. The first mode is based on the live wire paradigm; the second is an intui-
tive form of manual contour correction. 
With the live wire mode, seed points can be added to a contour, moved to another 
position, or can be removed completely. All affected contour paths are updated by 
computing them as live wire paths between the adjacent seed points in real-time. 
The whole contour can be updated in an automated way, where all contour paths 
between seed points can be recomputed after interpolation or after a change of the 
cost function. The correction mode based on live wire is very intuitive and leads 
to satisfying results in short time whenever the liver boundary values correspond 
with the current cost function. 
For the manual correction mode, the user can draw a boundary line across the ex-
isting contour. The outer two intersecting points of the new line with an existing 
contour are determined. The new boundary between the intersecting points replac-
es the shorter part of the old contour between these points. In this way, an addi-
tional bow outside the object is added to the object and a short cut line inside the 
object decreases the segmented region. This method reflects user expectations and 
thus is very intuitive. 
3.1.5 Evaluation 
Several papers compared live wire segmentation with manual contour tracing and 
showed the high reproducibility and timesavings for different objects [Barrett and 
Mortensen, 1996, Barrett and Mortensen, 1997, Falcao et al., 1998]. Our evalua-
tion focused on the application of live wire and shape-based interpolation for liver 
segmentation in particular. Three studies were performed in different years: an 
initial evaluation with the first version of live wire and shape-based interpolation 
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in the year 2000 [Schenk et al., 2000], a clinical study at the Medical School Han-
nover from 1999 to 2000 [Frericks et al., 2004a], and a large retrospective evalua-
tion on more than 2000 data sets from research projects between 2005 and 2011 
that was performed recently [Schenk and Peitgen, 2012]. In all evaluations, the 
final liver masks were compared to the results of the combined approach of live 
wire and shape-based interpolation and evaluated with respect to accuracy and 
time requirements. In particular, the studies investigated the following issues: 
Accuracy 
 How much do interpolated contours differ from user-defined live wire con-
tours? 
 How many image slices with interpolated contours had to be corrected? 
 How large are inter- and intraobserver variability in liver segmentation? 
 How does the approach compare with other segmentation approaches? 
 What is the impact of automatic optimization of contours? 
Time Requirements 
 How much time does a full accurate liver segmentation need? 
 How fast is the combined approach? 
 How much time is invested for controlling segmentation results and inter-
active correction? 
 How much time does interpolation save compared to live wire segmenta-
tion? 
 Is the segmentation time correlated to the number of slices, or does it take 
longer to segment liver with pathologies than without? 
Evaluation Data and Methods 
For the first study, five liver CT scans for tumor diagnosis from three different 
hospitals were evaluated. The images had 512×512 pixels in plane and consisted 
of 34-41 slices with a distance of 4mm (n=4) or 86 slices with a distance of 2mm 
(n=1). Three users segmented the images with live wire on all slices and times 
were recorded. The interactively segmented slices were reduced to data sets with 
slice distances of 8, 12 and 16mm and the omitted intermediate slices were auto-
matically calculated with both shape-based interpolation and with the automatic 
optimization approach. Intraobserver variations and volume errors as well as time 
differences were computed. 
In the clinical study in the Medical School Hannover, 56 potential donors for 
LDLT were scanned by computed tomography and analyzed by radiologists be-
tween 1999 and 2002 using the first version of HepaVision. The data had a slice 
thickness of 2mm, and the pixel size ranged between 0.63mm and 0.88mm. The 
organ contours were delineated by live wire on every fifth CT image, and all in-
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termediate contours were calculated automatically by shape-based interpolation. 
Interpolated contours were corrected interactively using the live-wire correction 
method. The number of slices to be corrected and the time needed for overall liver 
segmentation was recorded. 
Between the years of initial algorithm development and the last evaluation, the 
slice thickness in abdominal CT data has decreased from about 4mm to 0.75-
1.0mm (see Figure 17). This means the overall number of images to be segmented 
has tremendously increased (from about 40 images in the year 1999 to more than 
200 slices nowadays) potentiating the benefit of our interpolation approach. 
The most recent, retrospective study included more than 2000 CT data sets of liv-
ers both with tumors (49.1%) and without (50.9%). The images were reconstruct-
ed with a maximum slice thickness of 3mm and averaged 1.16mm. The majority 
of images (69.2%) were high-resolution scans with 1mm slice thickness or less 
(Figure 17). The liver segmentation was performed with the methods described in 
Section 3.1, and the order of live wire, interpolation, and correction was not re-
stricted. Users could repeat interpolation, change the cost function, or correct con-
tours between the other steps. Time was recorded for the overall segmentation 
including correction steps. Segmentations with a sequential order of live wire, 
interpolation, and subsequent correction allow comparing the initial results of live 
wire and interpolation alone (LWI segmentation) and the final segmentation after 
correction. The intermediate LWI results were available for a subgroup of 1516 
cases. The final liver segmentation, regarded as our ground truth (GT segmenta-
tion), was compared to the result of the LWI segmentation for different error 
measures and time demand. 
 
 
Figure 17: Resolution of evaluation data in terms of slice thickness. The majority of cases are 
high-resolution images with a slice thickness between 0.75 and 1.0mm. 
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Results 
The first study showed that the segmentation result by leaving out contours on 
images in a distance of 8mm and automatically computing the missing contours 
by interpolation leads to errors in the magnitude of the intraobserver variability. 
Reducing the interaction time further and interpolating contours between 12mm 
distant slices, lead to slightly increased error rates that could be compensated in 
most cases by the automatic optimization step. In conclusion, more than 50% and 
about 90% (for the 2mm data set) of interaction time could be saved with the 
shape-based interpolation if deviations in the order of the inter-user variability 
were tolerated. Further details of the study results are given in [Schenk et al., 
2000]. 
In the second, clinical study, the liver segmentation performed by the radiologists 
required 10 minutes on average, and 17% of the automatically interpolated con-
tours were corrected interactively. Errors were based on partial inclusion of 
neighboring structures, and the correction took only a few seconds in each case 
[Frericks et al., 2004a]. 
The main result of the third, large study showed that the initial approach of live 
wire and interpolation is already highly accurate, with less than 1% volume over-
lap error and less than 1mm average surface distance when comparing the final 
and initial segmentation masks. The semi-automatic initial segmentation required 
about 15 minutes on average for the overall routine data and 12 minutes in the 
intraobserver study. The control and correction steps took an average of 11 addi-
tional minutes, more than 40 % of the overall segmentation time. 
Regarding accuracy, relative small differences were found between the final 
ground truth segmentation and the initial live wire segmentation including inter-
polation (Tables III and IV). The absolute volume deviation was 0.33 % (5 ml) of 
the GT volume, and the mean volume overlap error accounts for less than 1 % of 
GT liver volume. The mean surface distance was below 0.2mm on average for the 
absolute distances and below 10mm for the maximal distances. Volume differ-
ences and surface distance were smaller for the lesion-free organs than for livers 
with lesions (Table III). 
The overall time for liver segmentation including the control and correction step 
averaged 24.7 minutes (Table V). The initial LWI segmentation required 15.5 
minutes on average and was 1.6 minutes faster for lesion-free livers, which were 
also generally smaller (1350 ml versus 1556 ml, see Table IV). The control and 
correction step was almost identical in time requirements for the two liver groups 
(11.7 and 11.9 minutes).  
Intraobserver deviations were in the magnitude of 2.8 % of liver volume, and in-
terobserver differences were larger but still below 4 % of liver volume, confirming 
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the results of the first study. Further results of the study are given in [Schenk and 
Peitgen, 2012]. 
 
 
 
TABLE V 
LIVER VOLUMES AND OVERALL SEGMENTATION TIME OF GT SEGMENTATION 
 
All Livers 
 
Lesion-free 
Livers  
Lesion Livers 
 
Volume [ml] 
Mean  
Std Deviation 
(n=2082) 
1499 
505 
(n=1059) 
1356 
337 
(n=1023) 
1647 
598 
Time [min] 
Mean  
Std Deviation 
(n=1606) 
24.7 
13.5 
(n=873) 
23.9 
11.5 
(n=733) 
26.6 
15.4 
 
TABLE IV 
COMPARISON BETWEEN GT AND LWI SEGMENTATION: VOLUMES AND TIME REQUIREMENTS 
 All Livers 
(n=329) 
Lesion-free  
Livers (n=84) 
Lesion 
Livers (n=245) 
 GT LWI GT LWI GT LWI 
Volume [ml] 
Mean 
Std Deviation 
 
1504 
512 
 
1499 
512 
 
1350 
345 
 
1346 
344 
 
1556 
550 
 
1552 
549 
Time [min] 
Mean 
Std Deviation 
 
27.3 
14.3 
 
15.5 
9.4 
 
26.0 
12.0 
 
14.3 
7.9 
 
27.8 
14.9 
 
15.9 
9.8 
 
TABLE III 
COMPARISON LWI AND GT SEGMENTATION: ERROR MEASURES 
 
VOE 
[%] 
RVD  
[%] 
ASD 
[mm] 
RMS 
[mm] 
MSD 
[mm] 
All Livers (n=1516) 
Mean 
Std Deviation 
 
0.77 
0.94 
 
0.33 
0.60 
 
0.18 
0.31 
 
0.66 
0.86 
 
9.67 
6.70 
Lesion-free Livers (n=736) 
Mean 
Std Deviation 
 
0.62 
0.74 
 
0.25 
0.45 
 
0.14 
0.27 
 
0.58 
0.82 
 
9.10 
6.69 
Lesion Livers (n=780) 
Mean  
Std Deviation 
 
0.92 
1.09 
 
0.40 
0.71 
 
0.21 
0.35 
 
0.74 
0.90 
 
10.22 
6.66 
Abbreviations: VOE: Volume Overlap Error, RVD: Relative absolute Volume Difference, ASD: Average Symmetric 
surface Distance, RMS: Root Mean Square symmetric surface distance, MSD: Maximum Symmetric surface Dis-
tance (Details in [van Ginneken et al., 2007, Schenk and Peitgen, 2012]) 
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3.1.6 Discussion 
The liver is a challenging organ to segment, and a correction step is necessary to 
achieve an accurate liver shape in most data sets. Control and correction takes 
time, especially when it has to be performed on a large number of image slices. 
Therefore, directly using an interactive user-controlled approach from the first 
segmentation step is a consequent conclusion for reliable and accurate results. It 
also prevents user frustration when automatic results differ significantly from the 
expectations and cannot be corrected easily. 
 
3.1.7 Summary 
For planning critical liver interventions, an accurate liver segmentation approach 
is mandatory. Automatic methods are not able to achieve the required accuracy 
reliably for the large variety of organ shapes and image properties. Therefore, an 
interactive liver segmentation approach based on live wire and shape-based inter-
polation was developed. We improved the user-steered live wire approach in terms 
of accuracy and reduced the computation time by optimizing data structures and 
algorithm and restricting the computation area to a local minimum. Dedicated 
costs for specific organs and locally adapted cost functions were developed for 
clinical applications. The idea of combining the two-dimensional live wire ap-
proach with shape-based interpolations can be seen as one of the first approaches 
to combine shape and gray-value algorithms, allowing for a significant reduction 
of interaction effort and time. To allow for final contour correction, two intuitive 
correction modes were developed and implemented. The evaluation studies 
showed that the liver segmentation can be performed by our approach in 10-30 
minutes and that the combination of live wire and interpolation alone is already 
highly accurate compared to the corrected, final segmentation. The correction step 
accounted for more than 40% of the overall segmentation time and remains an 
important step in liver segmentation for most data sets when highly accurate re-
sults are required. 
Publications: The initial combined approach of live wire and shape-
based interpolation was presented in a talk on the MICCAI conference 
in 2000 and published in [Schenk et al., 2000]. This paper presented 
the algorithm, the automatic optimization of contours, and the first 
evaluation. The extensions with local cost computations and locally 
adapted costs and further algorithmic improvements were introduced 
and discussed on the SPIE conference [Schenk et al., 2001a] and the 
BVM meeting in 2001 [Schenk et al., 2001b]. The clinical evaluation 
was performed by B. Frericks and colleagues from the Medical School 
Hannover and published in [Frericks et al., 2004a]. Recently, we eval-
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uated the results of our liver segmentation approach on more than 
2000 data sets [Schenk and Peitgen, 2012].  
The approach of live wire and shape-based interpolation is part of a 
commercial tool for contouring in medical data. 
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3.2 Computer-Assistance for Liver Interventions 
“If you think you are too small to make a difference,  
try sleeping with a mosquito.” 
Dalai Lama XIV 
This chapter describes four contributions in different areas of computer-assistance 
for liver interventions. The developments and results were achieved between 1998 
and 2012. In Section 3.2.1, we will introduce the first comprehensive software 
assistant for liver surgery planning. Several image processing steps are necessary 
to create an individual 3D liver model including all relevant intrahepatic struc-
tures. The development of a software assistant combining all steps and providing 
an optimal workflow for clinicians is a demanding task. The step from the plan-
ning into the interventional situation poses another challenge, and we present pio-
neering work in this area in Section 3.2.2. Further work focused on the modeling 
of thermal ablations in the liver and the development of a measurement tool for 
the evaluation of vascular heat sink effects described in the third section. The 
chapter is concluded by recent developments on an interactive risk analysis appli-
cation allowing for the immediate assessment of a virtual resection’s quality in 
terms of a new resection score. The achievements described in this chapter are 
part of the broad topic of computer-assistance for liver interventions. A more gen-
eral survey of this topic can be found in our overview papers [Schenk et al., 
2008b, Schenk et al., 2011]. 
3.2.1 The First Comprehensive Liver Application 
In 1998, only a few algorithms supported the analysis of abdominal images. The 
MEVIS research institute was the first group worldwide to develop an entire pipe-
line for vascular analysis and preoperative liver surgery planning. For the full 
analysis of a liver case in the year 1998, at least ten single steps had to be per-
formed by the user: 
1) Data import 
Several import options were necessary since the ACR/NEMA standard 
3.0, now known as DICOM, was released in 1993 but was not yet adopted 
by all scanner vendors. 
2) Definition of the liver region 
After inspecting the different CT phases, the image area encompassing the 
liver was defined by the user to reduce the data amount and computation 
time for the following steps. It was realized by interactive drawing of rec-
tangles in the different viewer directions. 
3) Liver segmentation. 
Initially, the global and interactive watershed algorithm was used for this 
step and required downscaling the data before segmentation and subse-
quent upscaling of the liver mask to reduce the required memory and com-
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putation time for the algorithm [Schindewolf and Peitgen, 2000]. An edit-
ing step allowed correcting results. These four steps were later replaced by 
our live wire approach. 
4) Tumor segmentation 
Lesions could be extracted using the watershed approach in case of ho-
mogenous tumors or had to be manually drawn on the 2D images slices. 
5) Vascular preprocessing 
A pipeline of several filter algorithms was used to reduce noise and to en-
hance the contrast between vessels and liver tissue. 
6) Vessel segmentation 
Vascular systems were extracted by global region-growing that stored all 
results in a hierarchical data structure allowing for subsequent interactive 
real-time adjustment of the threshold [Selle et al., 2002]. 
7) Vascular skeletonization 
In this step, centerlines and local vessel radii were computed and the seg-
mentation result was transferred into a dedicated graph data structure. 
8) Vascular analysis  
Vascular systems could be separated and interactively subdivided hierar-
chically by clicking on single branches, subtrees, or complete trees to de-
fine the basis for computating local supply or drainage. 
9) Computation of vascular territories 
According to supply or drainage, local territories according to the supply 
or drainage were computed based on the liver mask and the subdivision of 
a vascular system. 
10)  Visualization 
A 2D and 3D viewer allowed selective display of relevant structures, rota-
tion and zooming objects, and different types of volume visualization (see 
Figure 18). 
 
All algorithms were implemented as separate image processing networks in 
IlabMed [Schenk et al., 1999], a predecessor of the MeVisLab research and de-
velopment platform [MeVisLab, 2012]. Each step required loading data and 
explicitely saving results. Several parameters had to be entered by the user into 
single IlabMed module interfaces, and sometimes the same parameters, such as 
voxel size, had to be provided in several image analysis steps.  
In 1998, there was a high demand for a comprehensive application with a conven-
ient workflow that included all steps of data analysis and a subsequent visualiza-
tion and mean of exploring results. Parameters that could be derived from the im-
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age data should be determined automatically, and the exchange of information and 
data between the single steps should be highly automated. 
Such a comprehensive liver application, the first HepaVision, was developed in 
1998 by a joint project of the liver team at MeVis (including the author) [Schenk 
et al., 1999]. We developed and implemented the global workflow including tem-
plate classes for the exchange of data and parameters, a consistent graphical user 
interface (GUI) for all single steps, and templates for the HTML help files. The 
important information for each patient case was transferred between the steps in 
an XML file that included image and algorithmic parameters, file names, results 
of volume measurements, visualization parameters, and other data. The applica-
tion including GUI and workflow, was implemented in APrIL, an object-oriented 
Application Programming Interface Language developed at MeVis. The first 
HepaVision application was used in clinical research projects at the Medical 
School Hannover and at the University Hospital Magdeburg. Images of the liver 
segmentation and the visualization step are shown in Figure 18. 
In 2001, changing the operating system from Unix to Windows and significant 
modifications in the underlying MeVisLab platform led to redesigning the appli-
cation. The image analysis steps were separated from the final visualization step, 
and two new software assistants were developed. In the new planning assistant 
HepaVision2, the GUI was optimized, and additional steps for virtual resection 
and risk analysis were included in the following years [Bourquain et al., 2002, 
Konrad-Verse et al., 2004, Schenk et al., 2008b]. Although switching operating 
systems resulted in several modifications, the basic application concepts devel-
oped for the first HepaVision version were adopted and are still in use in the cur-
rent application, including the workflow concept, the global layout, and the XML 
data exchange. 
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Figure 18: The first version of HepaVision developed in 1998 shown with the first watershed-
based liver segmentation step (top) and the visualization step (bottom). In the lower window area, 
every single step of the application could be selected via a tab. The right border shows the GUI 
elements of the single step including the information panel, load and save buttons (upper area), 
step-specific fields (middle), and the help buttons (below). 
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3.2.2 Integration of Planning Data into Liver Laparoscopy 
The first tools and and applications for computer-assistance in liver surgery plan-
ning were available in the beginning of the 21
st
 century, but the transfer of this 
information into the intervention room, especially for abdominal surgery, was 
rarely investigated. In 2002, there were only few applications to provide planning 
information during the intervention and these mainly focused on neurosurgery. In 
liver surgery, matching the virtual liver model with the real organ was typically 
performed in the surgeon’s mind. Few publications have presented feasibility 
studies for liver registration using organ phantoms or initial trials in open liver 
surgery [Herline et al., 1999, Vetter et al., 2002]. For minimally invasive liver 
interventions such as laparoscopic surgery, there was no published approach com-
bining computer-assisted planning and hepatic interventions. 
To assist laparoscopic surgery, we collaborated with the University Erlangen-
Nürnberg computer graphics group. This group had developed an augmented real-
ity system that projected the 3D planning data into the real laparoscopic video 
stream [Scheuering, 2003]. The system had been evaluated in five minimally in-
vasive interventions, but during these tests, no preoperative planning information 
was included. The first integration of planning results was performed in a collabo-
rative work in a minimally invasive intervention in a swine in 2002 [Scheuering 
et al., 2003]. 
For this evaluation, a routine abdominal CT of the animal liver was performed at 
the University Hospital Klinikum rechts der Isar in Munich. The anatomical struc-
tures were segmented with the HepaVision assistant, described in Section 3.2.1 
[Schenk et al., 1999]. Due to the smaller structures in the animal and breathing 
artifacts, only the organ and the larger vascular structures (portal vein and hepatic 
vein) could be segmented. The augmented reality system was calibrated before 
intervention and rigid registration was performed using anatomical landmarks and 
four fiducial markers placed onto the body surface before CT acquisition. The 
virtual 3D liver anatomy was directly projected into the laparoscopic camera view. 
The display of the vessel system and the liver was utilized for trocar and needle 
placement (see Figure 19). For interventional assistance, an electromagnetic track-
ing system was applied and the sensor of the augmented reality system was fixed 
to the laparoscopic camera. The technical details of the navigation system, that is 
not part of this thesis, are described in [Scheuering, 2003]. 
The first trial to combine the individual liver anatomy and planning data with a 
navigation system for laparoscopic interventions in 2002 established the principal 
application of such a navigated intervention. Registration accuracy was limited 
due to the use of external landmarks and hardware limitations. Several improve-
ments in hardware and software have been conducted since our first trial, improv-
ing accuracy and workflow for navigated open and minimally invasive liver sur-
gery [Hansen et al., 2010b, Peterhans, 2010, Nicolau et al., 2011]. 
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3.2.3 Measuring Cooling Effects in Thermal Ablation  
Radiofrequency and other thermal ablation procedures are increasingly being used 
as an alternative therapy to liver resection. However, local recurrence after abla-
tion of liver tumors in the proximity of major vessels was found, including a 
36.5% recurrence rate for liver metastases after RFA [Mulier et al., 2005]. The 
main cause of recurrence is the cooling effect of adjacent liver vessels, which re-
move heat and thus preventing neighbored cells to reach adequate temperatures 
for destruction. Since thermal ablation is a minimally invasive technique, it is dif-
ficult to monitor the amount of tumor destruction during the treatment, and 
intraprocedural monitoring options in the daily clinical routine are limited. These 
factors motivated the development of computer-assistance for the planning and 
assessment of ablation procedures. 
Fraunhofer MEVIS developed the first prototype to support thermal ablation pro-
cedures as early as 2002. In an interdisciplinary project with surgeons and radiol-
ogists of Campus Benjamin Franklin at the Charité and physicists of the institute 
LMTB in Berlin, we combined the individual 3D reconstruction of the patient’s 
liver from radiological data [Schenk et al., 1999, Bourquain et al., 2002] with a 
numerical simulation of laser-induced thermotherapy (LITT) [Roggan et al., 
2001]. The resulting software assistant allowed for the probe placement in 2D and 
3D under consideration of the tumor location and the patient’s liver vessel struc-
tures imported from the planning tool. A subsequent LITT simulation including 
the computation of vascular cooling effects allowed assessing tumor destruction 
  
Figure 19: Integration of 3D planning data into the laparoscopic camera view in the year 2002. 
Left: The individual liver shape and portal vein of the swine are displayed in the view of the en-
doscope camera to support needle and trocar placement. Right: The laparoscopic view shows the 
real animal’s liver inside the body cavity (red-brown structure lower half) combined with simple 
3D renderings of the individual vascular structures extracted from CT data (bright red). 
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under different ablation parameters [Littmann et al., 2003a, Lehmann et al., 2003]. 
In a clinical study with six pigs, LITT lesions were induced in the neighborhood 
of major hepatic vessels in vivo. After explantation, the livers were cut into 2mm 
slices perpendicular to the probe axis and digitally photographed. The volumes of 
the simulated lesions and the real lesions (computed from manually drawn con-
tours on the photographs) were compared. The analysis showed good correlation 
with a sensitivity of 0.90 and a specifity of 0.86. Details of the study and the re-
sults are given in [Lehmann et al., 2011]. 
The analysis of the heat sink effect in LITT lesions showed an important 
phenomen: cooling by the portal triad (portal vein, artery and bile duct) was much 
stronger than that of the hepatic veins. Lesions influenced by the cooling of the 
portal field were flattened on the vessel side in all 28 cases, while hepatic veins 
indented the lesion (indentation) by their heat sink effect in 31 cases, or were even 
encased by the ablation zone (inclusion, 6 lesions) [Frericks et al., 2008]. Figure 
20 illustrates the different heat sink effects. 
The observation of this important effect, which should be considered when ablat-
ing a lesion near a larger vessel, motivated the development of a measurement 
tool for additional, more detailed analyses. The developed software application 
allowed quantifying the size and shape of thermal lesions in digital photographs, 
for a characterization of the heat sink effect by angle measurements and detailed 
quantification of the vessel surrounding area [Schenk et al., 2008a]. 
 
 
Flattening   Indentation    Inclusion 
Figure 20: Different types of heat sink effects in RFA analyzed in an ex-vivo experiment with pig 
livers. Heat is induced from the RFA applicator position (small ring centrally in each image) in-
duces heat, and the liver parenchyma coagulated (yellow to bright red tissue). The vascular cool-
ing effect simulated by perfused glass tubes (larger ring) differs depending on factors such as 
distance between cylinder diameter, distance to applicator and flow velocity. Flattened lesions 
(left) resulted from a stronger cooling effect than the indented lesions (middle), whereas the cool-
ing of included real or simulated vessels was weak during ablation (right). Images courtesy of 
B.F. Frericks and K. Lehmann, Charité Berlin. 
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After the initial LITT project, further research focused on RFA, following the clin-
ical trend towards this ablation method. Here, different blood flow parameters 
were evaluated for their cooling effects during ablation. In an ex-situ study, vascu-
lar structures were simulated by glass tubes with different diameter and varying 
distances to the applicator. Blood circulation was simulated by internal water and 
different flow velocities were achieved with an attached pump. Our measurement 
tool was applied to more than 400 lesions and the lesion deformation defined by 
the expert on digital photographs was compared to the automatic characterization 
of the software. The agreement with the expert definition was above 96% for in-
dented and flatted lesions and 100% for lesion with vessel inclusions [Schenk 
et al., 2008a].  
The evaluation of the cooling effect for the different study parameters showed the 
following results [Lehmann et al., 2009]: The distance between applicator and 
vessel model (5mm and 10mm) appeared to be the most important parameter with 
strong differences between the two distances. The vessel diameter (5, 8, and 
10mm) showed a trend towards increased cooling with larger diameter, but the 
differences were not significant in the study. Lesions at 5mm applicator-to-vessel 
distance showed local cooling effect with a radial reduction of 50.6% on the ves-
sel side independent of the flow volume. We found no significant differences be-
tween six different flow volumes (between 250 and 1,800 ml/min) covering the 
range that can be measured in hepatic blood vessels. The results support the con-
clusion that the blood flow rate in the measured range has essentially no influence 
on the ablation result. 
This study and the more recent joint projects with the clinical partners from the 
Charité, Benjamin Franklin, were dedicated to RFA. A new numerical simulation 
of the ablation was investigated by Fraunhofer MEVIS and considered three bio-
physical RFA processes: First, the delivery of energy to the tissue via the alternat-
ing electric current, second, the generation of heat, its diffusion, and the cooling 
through blood flow and perfusion, and third, the denaturation of proteins in the 
tissue cells by the heat [Preusser et al., 2005]. Mathematical models consisting of 
partial differential equations, integral equations, and algebraic equations describe 
these biophysical processes. Details of the numerical implementation and parame-
ter identification are given in [Kroeger et al., 2006, Paetz et al., 2009, Tiesler, 
2011]. The numerical simulation is embedded in MeVis SAFIR, a software assis-
tant that supports ablation planning and comparing lesion, numerical simulation, 
and postinterventional data. 
Recent developments to support ablation procedures were performed by the Mod-
eling and Simulation group at Fraunhofer MeVis and include the optimization of 
applicator position to consider lesion size, shape, and the cooling effect of nearby 
vessels [Altrogge et al., 2007, Kroeger et al., 2010b, Altrogge et al., 2012] and 
anatomical constraints [Haase et al., 2012], a fast estimation of the ablation zone 
for interactive use [Kroeger et al., 2010a, Rieder et al., 2011], and the postopera-
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tive assessment after registration of pre- and post-interventional CT data [Rieder 
et al., 2010, Rieder et al., 2012]. An overview of algorithms and related approach-
es for computer-assistance in radiofrequency ablation for liver tumors was given 
in [Schumann et al., 2010]. 
3.2.4 Interactive Risk Analysis for Liver Surgery 
As described in Section 3.2.1, risk analysis for liver surgery is performed step-
wise. After segmenting liver and vessels, the vascular territories were computed, 
followed by a virtual resection using liver and vessel visualizations. Finally, the 
resection plan was combined with the vascular territories, and the risk of truncated 
vessel branches with the related perfusion impairments was quantified and visual-
ized. Due to this stepwise procedure, the user was forced to define and modify the 
virtual resection without any direct feedback about the perfusion-related risks in-
duced by the current cutting line. Thus, a resection had to be determined based on 
the user’s experience and expertise, or by repeating of virtual resection and risk 
analysis. To improve this procedure and to allow directly risk-related resections 
the so-called interactive risk analysis was developed. This application provides 
interactive definition and modification of a virtual resection including feedback 
about the risks of the resection plan almost in real-time.  
The development of the interactive risk analysis was challenging for two reasons. 
First, the risk factors for a resection had to be defined to allow quantitative meas-
urements. Second, the enormous amount of information included in different data 
structures had to be converted into a form that enables fast access and updates 
with every modification of the resection. The following risk factors were defined 
and integrated into the computation of a global resection score: 
 Remnant volume 
 Safety margin  
 Supplied volume of the remnant 
 Drained volume of the remnant 
 Resection surface area 
 Curvature of the resection surface 
The single risk scores were normalized to values between 0 and 1 according to 
predefined boundary values, e.g. a minimal remnant volume of 30% of total liver 
volume is set to a score of 0. The overall resection score was computed as a 
weighted sum of the individual risk scores. Predefined boundary values and 
weights for the single risk factors were determined after discussions with liver 
surgeons, leading to different default values for HCCs and liver metastases. Both 
our previous experience in surgical planning and interviews with the surgeons 
yielded that an individual parametrization of risk factors remains necessary for 
users and for individual patients with pre-existing liver disease. Parameters for the 
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single risk factor and the computation of the resection score were presented in 
[Demedts et al., 2010]. The application GUI is shown in Figure 21. 
The implementation of the new resection tool required the development of a new 
data structure that could quickly compute all single risk factors and the overall 
resection score. A 3D byte array was implemented that stored the precomputed, 
pixel-based risk information, such as portal and hepatic vein branch relations and 
tumor distance, and provides the flags for fast updating resection-related risks as 
the current supply and drainage status of each single image voxel. For implemen-
tation details see [Demedts, 2010]. 
The interactive risk analysis has been evaluated in a small user study with two 
radiological technicians at MeVis who are experts in resection planning. The re-
section line was first defined using the existing virtual resection tool [Konrad-
Verse et al., 2004] and several days later, with the new interactive risk analysis 
application. The two resection proposals for each patient were compared in terms 
of quality (measured by the resection score) and time.  
 
 
Figure 21: Snapshot of the Interactive Risk Analysis application with a preliminary GUI. In the 
3D viewer (upper left) and 2D viewer (lower left) the resection line can be defined and modified. 
On the right side of the GUI, the user can choose presetting or individual parameters for the risk 
factors (such as minimal remnant volume). Risk values for the current resection were given in 
absolute values and as scores between 0 and 100, visualized as white bars. The risk areas for per-
fusion are displayed as colored overlay in the 2D viewer: full perfused (safe) remnant tissue in 
green, outflow obstructed areas in yellow, and regions without supply and drainage in red. In this 
case, a hemihepatectomy right including the red areas would improve the resection score but the 
user had to check for the drainage of territory 4 (yellow) that is at risk with the current resection 
line. 
 57 
The evaluation showed that the quality improved and led to more accurate safety 
margins with the new tool at the cost of slightly increased time requirements. Due 
to the presentation of additional risk information and the demand to find an opti-
mal resection, the users took more time than with the conventional approach. A 
clinical evaluation with further user groups (such as surgeons) is asubject of future 
research. 
A second motivation for developing a risk function was automatic creation of op-
timal resection proposals. Manually defined or automatically initialized resections 
have to be optimized with respect to a quality function. For the interactive risk 
analysis, we developed the resection score as a first version of such a quality func-
tion. Parallel to this work, a first approach for the determination of automated re-
section proposals for standard and local resections had been developed [Hansen 
et al., 2010a]. The combination of these two approaches is the starting point for 
the automated creation of optimal resection proposals in a future project.  
 
3.2.5 Summary 
The first attempts to support hepatic interventions by software, were characterized 
by technically demanding tools and a workflow that was not dedicated for clinical 
use. Our first liver application that included the necessary basic steps for the anal-
ysis of abdominal CT data and the planning of liver surgery was the first compre-
hensive tool for clinical use. A second important step, the transfer from the indi-
vidual liver model into the real interventional situation was tested on an animal 
and shown in 2002. The organ and vascular structures were extracted from CT 
data and overlaid as volume renderings in the endoscopic camera view during the 
intervention. Our approach was the first published navigated abdominal laparos-
copy to combine individual 3D planning data and an augmented reality system.  
Further work focused on computer-assistance for thermal ablations, for which 
cooling effects of the vascular structures can reduce the coagulation zone and lead 
to incomplete tumor destruction. Numerical models and dedicated algorithms to 
support ablation planning and postoperative lesion assessment have been devel-
oped and integrated into a software assistant. In research projects with clinical 
partners from the Charité Berlin, the methods were discussed, tested, and evaluat-
ed. To quantify heat sink effects in ex-situ studies, a measurement tool was devel-
oped to assess the size and shape of a lesion and to quantify the influence of vas-
cular cooling.  
 
Publications: The software assistant HepaVision was presented at the 
congress of the German Radiological Society and during a talk at 
BVM in 1999 [Schenk et al., 1999]. We performed the first application 
of 3D planning information for abdominal laparascopy with Michael 
Scheuering and co-workers, and the work was presented at SPIE in 
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San Diego [Scheuering et al., 2003]. Subsequent developments in 
computer-assistance for liver surgery at MeVis up to 2007 were given 
in a comprehensive overview [Schenk et al., 2008b], and recent work 
was summarized in a special issue of IEEE Pulse for image-guided 
therapies [Schenk et al., 2011]. 
Developments to support thermal ablation planning began with a joint 
project with clinical partners from the Charité and LMTB in Berlin. 
The first prototype was implemented by Arne Littmann using dedicat-
ed visualization techniques [Preim et al., 2003]. It was presented in 
2003 at BVM [Littmann et al., 2003b] and by our clinical partners at 
CURAC [Lehmann et al., 2003]. The software was evaluated in ani-
mal studies by Bernd Frericks, Kai Lehman, and Charité co-workers 
[Lehmann et al., 2008, Frericks et al., 2008, Lehmann et al., 2011]. 
The measurement tool for the quantification of cooling effects in 
thermal lesions was implemented together with Andreas Weihusen and 
was later extended by Christian Rieder. The tool was evaluated on 400 
ex-vivo lesions [Schenk et al., 2008a] and used to quantify heat sink 
effects in RFA lesion in an ex-vivo study [Lehmann et al., 2009]. Nu-
merical RFA modeling developed in this project [Kroeger et al., 
2010a] was later extended by members of the Modeling and Simula-
tion group at Fraunhofer MEVIS. 
The interactive risk analysis was implemented by Daniel Demedts 
during his master thesis (supervised by the author) [Demedts, 2010]. 
The software was evaluated in an in-house study, and the algorithm 
and results were presented at CURAC [Demedts et al., 2010]. 
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3.3 Adult Living Donor Liver Transplantation 
MAN: Hello. Can we have your liver?  
MR. BROWN: My what? 
MAN: Your liver. It's a large, eh, glandular organ in your abdomen. 
MAN: You know, it's, -- it's reddish-brown. It's sort of ,-- 
MR. BROWN: Yeah, yeah, I know what it is, but... I'm using it, eh. 
… 
Monty Python's Meaning of Life,  
Live Organ Transplant, 1983 
For surgeons, the main considerations during preoperative planning for ALDLT 
include: 
 Precise prediction of anatomical and functional volumes of both graft and 
remnant livers 
 Deciding whether to use the right or left hemiliver as a graft 
 Including the MHV in the graft or retaining it in the remnant liver 
 The appropriate type of venous outflow reconstruction. 
To support these decisions, there are two major issues for computer-assistance for 
ALDLT planning: first, the precise segmentation and visualization of the individ-
ual vascular liver anatomy including anomalies, and second, a virtual resection 
planning tool for computing vascular territories, areas of potential outflow ob-
struction and related volumes in both remnant and graft livers. 
3.3.1 Vascular Anatomy and Risks 
For ALDLT, the liver is divided centrally, typically partitioning the portal vein 
near its main bifurcation and following the main course of the hepatic vein from 
the confluence to the gall bladder fossa, as illustrated in Figure 11. 
Common anomalies of the portal vein are trifurcations with an incidence of 11% 
(see example in Figure 22), and H-shaped main ramifications found in about 10% 
of individuals [Koc et al., 2007]. Although these variants are important for the 
surgeon to know, they do not contraindicate donation [Fan et al., 2011]. Further 
important variants of the PV are branches that cross the resection line, e.g., territo-
ry 5 or 8 portal veins that arise from the left main branch of the portal vein. 
For the hepatic vein system, existing inferior veins arising directly from the infe-
rior vena cava (cf. Figure 22) should be known to the surgeon in right graft dona-
tion, because these veins are resected and have to be reconnected in the recipient 
if they drain a relevant territory. Radtke showed that the incidence of inferior 
veins in donor livers was about 50% in Western donors [Radtke et al., 2006b], and 
Bourquain and Hindennach found that the volume drained by theses veins is dif-
ferent in Western and Eastern individuals [Hindennach et al., 2006]. The dilemma 
of the MHV for ALDLT and the related outflow obstruction (see sections 2.2.3 
and 3.3.2) is a major issue for preoperative planning. Venous outflow obstruction 
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can lead to compromised function and reduced local regeneration. In cases with 
limited functional liver volume, such impairment is frequently associated with the 
small-for-size syndrome (SFSS), a serious clinical complication that may lead to 
liver failure [Radtke et al., 2011, Tanaka and Ogura, 2004]. A topic of ongoing 
discussion includes whether to retain the MHV in the donor remnant to expose the 
healthy voluntary person to no additional risks or to include the MHV in the graft 
to guarantee a full functionally organ for the diseased recipient. The decision is 
often based on the surgeon’s preference, but recently there has been a trend to-
wards computer-assisted decision making to include MHV risk analysis (see next 
section). 
The hepatic artery (HA) is a vessel structure with several variants that may be a 
risk factor in ALDLT. For example, in one of our studies with the Medical School 
Hannover, arterial variants were found in about 40% of potential donors [Frericks 
et al., 2004b]. Critical arteries are those that cross the resection line, e.g., arteries 
that supply territory 4. These arteries can originate from different sides, either 
from right or left but dual supply from both hemilivers is also possible. This in-
flow must be protected to prevent arterial occlusion and loss of the territory. A 
second arterial issue is the number of arterial branches supplying the graft that 
have to be reconnected to the arterial system in the recipient. Two or more arteries 
may lead to technical difficulties during anastomosis due to smaller diameters 
with an increasing number of arteries. With decreasing diameter, it is also hardly 
possible to detect beneficial intrahepatic communications in the radiological im-
ages [Fan et al., 2011].  
 
 
Figure 22: Vascular structures extracted from CT data. Hepatic artery (orange) and bile ducts 
(green) twine around the portal vein (cyan). The hepatic veins (blue) reach between the branches 
of the portal vein as the fingers from one hand between the fingers of the other hand. This patient 
has an inferior vein (small blue branch at the lower image border) and a variant of the portal vein, 
a trifurcation (image center). 
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In our first research project for the computer-assisted planning of LDLT with the 
Medical School Hannover, the CT data had a slice thickness of 2mm in the best 
cases, limiting the segmentation of finer structures and segmental branches of 
arteries [Frericks et al., 2004b, Schenk et al., 2002]. The anatomical evaluation of 
56 potential donors showed that a region-growing based segmentation of the he-
patic arteries including the second-order branches was possible in 46 of 56 cases. 
With new CT scanner generations, current image resolution has reached a pixel 
size of 0.75mm or less, and the segmentation of arteries up to segmental level is 
possible for most donor cases with correct timing during CT acquisition or if bo-
lus tracking is applied. 
Bile ducts are the reason for a majority of complications after surgery and trans-
plantation [Fan et al., 2011, Radtke et al., 2008b]. Preoperative imaging of these 
small vessel structures requires an additional contrast agent for CT, which can 
cause allergic reactions and often prevents use in donors and patients [Fan et al., 
2011]. Alternative imaging methods are introperative cholangiography performed 
in most centers for bile duct visualization during intervention, endoscopic retro-
grade cholangiopancreatography (ERCP) with a high complication rate, or 
MRCP, which typically shows only the main bifurcation due to the low spatial 
resolution. Recently, the combination of hepatocyte specific contrast agents with 
high resolution MRI sequences was introduced [Asbach et al., 2008]. Image ac-
quisition requires dedicated radiological techniques and is therefore an issue of 
current research (see Section 0). A summary of methods for bile duct imaging 
including our results on MRI data is given in [Ketelsen et al., 2008]. In our re-
search project with the University Hospital Essen, the anatomy of bile ducts in 
donors was studied in detail to develp a classification of hilar and segmental bili-
ary anatomy [Radtke et al., 2008b, Radtke et al., 2008a, Radtke et al., 2009]. 
In our first ALDLT study, begun in 1998 with the Medical School Hannover, 27 
of the 56 potential donors were excluded from LDLT based on the results of the 
preoperative evaluation [Frericks et al., 2004b]. For only one case was a vascular 
variation (of the HA) the reason for the exclusion, while in all other cases, the 
donors were excluded due to inadequate functional volume of the remaining liver 
or the liver graft. A similar distribution in the exclusion criteria was found in our 
study with the University Hospital Essen, which was part of the Optimization of 
Living Related Liver Transplantation clinical research group. Here, 73% of poten-
tial donors (99 of 135) were excluded from donation, the majority (96 donors) due 
to insufficient functional liver volume [Radtke et al., 2006a]. Both observations 
show the importance of the second criterion, the functional liver volume. 
In conclusion, anatomical variations typically do no prevent donation, but are very 
important before surgery when choosing an adequate resection strategy and avoid-
ing complications. The main exclusion criteria, the functional remnant or graft 
volume, will be discussed in the next section. 
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3.3.2 Liver Volume and Outflow Obstruction  
A remaining liver volume of 35% for healthy donor remnants and a graft provid-
ing 40% of the ESLV calculated by formulas, or 1.0% of the body weight of the 
recipient, is believed to be safe for ALDLT [Asakuma et al., 2007, Fan et al., 
2011]. The risks when these volumes cannot be met are the small-for-size syn-
drome and the loss of the graft or liver failure in the donor [Kiuchi et al., 1999]. 
Thus, preoperative estimation of graft and remnant volumes is mandatory for 
ALDLT. 
Unfortunately, the overall volume of the partial livers is not sufficient to consider  
all risks. Due to resection near the MHV in ALDLT, branches of this vein are 
truncated and the drainage and related liver function may be further decreased. 
The anatomical background for this risk of venous congestion is induced by the 
mismatch of portal vein territories (PVT) and hepatic vein territories (HVT): The 
boundaries of PVT typically do not run parallel to the borders of the HVT (see 
Figure 23 and Figure 24). An exception is the borderline between left lateral terri-
tories (PVT 2 and 3) and the large right liver lobe that are anatomically more sep-
arated (cf. Section 2.2.1). When planning an ALDLT resection, the inflow is con-
sidered first, and, thus, the cutting line typically follows the boundaries of the 
PVTs. In doing so, HVT and related HV branches will be truncated, resulting in 
an area of outflow obstruction. On the other hand, following the course of the 
HVT for resection cannot solve this problem because it will cause even more se-
vere problems of insufficient inflow. 
 
 
  
Figure 23: Mismatch between portal vein territories and hepatic vein territories. The images show 
the PVTs (left) and the HVTs (right) with dark lines illustrating the PVT boundaries and the mis-
match between the territories. The black line in the middle of the MHV territory indicates the 
border between right and left hemilivers (defined by the PVT 1-4 and 5-8 respectively), and thus 
the zone where the donor liver will be typically divided. 
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With the software assistant HepaVision, our clinical partners in Hannover and 
Essen retrospectively evaluated the data of donor livers for which a SFSS in the 
recipient led to graft loss and for which the patients had to be retransplanted (three 
patients in both institutions). In Hannover, no venous reconstruction of MHV 
tributaries in the graft was performed in the very early cases. In all donor livers, 
the area drained by truncated MHV branches was at least 20% of the graft volume 
(20%, 29%, 41%) [Frericks et al., 2006]. In Essen, three of the first 23 recipients 
in a preliminary study, for which the MHV was not included in the graft, sus-
tained a SFSS with liver failure. In these cases, the area of venous congestion es-
timated by the software was 36% and higher (36%, 38%, 39%) [Radtke et al., 
2010]. 
The importance for the early postoperative phase after the transplantation was also 
shown by our clinical partners in Nagoya. Kamei and colleagues compared pre-
operatively computed anatomical and functional graft volumes with postoperative 
liver function parameters and concluded that only the functional (non-congested) 
graft volume correlates to early graft function [Kamei et al., 2007]. 
The territories of potential outflow obstruction can be computed by combining the 
virtual remnant or graft with the MHV territories computed by the methods de-
scribed in Section 2.2.3 and Section 3.2.1 [Bourquain et al., 2003, Schenk et al., 
2007]. Depending on the decision whether the MHV will remain in the remnant 
liver or will be included in the graft, these risk territories are located on the right 
or left side of the donor liver (see Figure 24).  
 
 
 
Figure 24: Risk analysis for ALDLT for two variants of virtual resections. The left image shows a 
right lobe graft. With this resection the MHV will be retained with the remnant (left hemiliver) 
and three branches of the MHV will be transected. The dependent territories (blue, cyan, green) 
are at risk of insufficient drainage and will decrease the postoperative graft function when not 
anastomosed in the recipient. The right image illustrates the remnant liver when the MHV is in-
cluded in the graft. The related risk analysis shows small regions with potential outflow obstruc-
tion (green territories) and a safe territory of a separate vein branch draining segment 4a (cyan). In 
this example, the MHV was included in the graft (right variant). 
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The potential to compute the risk of venous congestion in ALDLT with the algo-
rithms developed by MeVis was immediately recognized by Prof. Koichi Tanaka 
and his team in October 2002 when the two groups first met. Prof. Tanaka, the 
leading LDLT surgeon at that time, used the method for every ALDLT thereafter. 
The fundamental change in ALDLT planning at the Kyoto University was de-
scribed in [Asakuma et al., 2007]: 
‘Before the introduction of 3D-CT volumetry, MHV regional volume was 
subjectively and qualitatively estimated using conventional 2D-CT. Thus, 
the issue of potential congestion remained unresolved. With the introduction 
of 3D-CT simulation with MeVis software, however, the situation has 
changed dramatically. When this software was first developed, the major 
aim was to carry out portal vein volumetry. As the team at Kyoto University 
Hospital was dealing with the problem of right-lobe graft congestion in 
LDLT at that time, we proposed that this software be used for regional he-
patic venous volumetry; our team and the MeVis group then collaborated on 
this project. Regional volumetry enables us to objectively assess graft selec-
tion by introducing an algorithm based on the concept of hepatic dominan-
cy. Using this method, it is easy to objectively select the type of right-lobe 
graft needed. With step-by-step improvement of the software, it is possible 
for us to not only evaluate regional venous volumetry but also to visualize 
hepatic venous construction. This information benefits the surgeon by ena-
bling preoperative prediction of the kinds of vessels that are likely to appear 
at the parenchymal transection line.’  
 
The only other group that developed an approach for the computation of outflow 
obstructed territories in ALDLT in those early years was the team of Prof. Sung-
Gyu Lee at the Asan Medical Center in Seoul. Based on manual delineation of 
MHV territories in 2D CT images slices by an expert, they estimated the venous 
congestion for right lobe grafts [Hwang et al., 2006]. 
On the basis of our risk analysis for ALDLT, the transplantation centers in Kyoto 
and Essen were able to develop new decision algorithms for ALDLT. With these 
algorithms, surgeons decide whether the MHV will be included in the right lobe 
graft (Figure 25) [Asakuma et al., 2007], or if MHV tributaries have to be recon-
structed [Radtke et al., 2010]. Furthermore, the 3D analyses enabled the develop-
ment of a new dominancy concept for hepatic veins with respect to the whole liver 
and to the right and left hemilivers [Radtke et al., 2005, Radtke et al., 2006b, 
Asakuma et al., 2007]. 
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3.3.3 Liver Regeneration in Donor and Recipient 
In 2002, Maema found that right lobe grafts with partial outflow disturbances are 
associated with latent disadvantages in postoperative liver volume regeneration 
[Maema et al., 2002]. At that time, there was no systematic morphologic regenera-
tion study assessing the individual local liver growth and quantitatively comparing 
it to areas with outflow obstruction. Furthermore, the growth of vascular struc-
tures after resection was not investigated, although the postoperative vascular 
situation could be an important factor for the patient and thus influencing the sur-
gical strategy. We investigated these and related issues in a liver regeneration pro-
ject together with the University Hospital Essen by studying the hepatic growth in 
donors and recipients after ALDLT. 
In our study, preoperative abdominal CT images of the donor were acquired and 
both donor and recipient were scheduled to be scanned at day 7 to 10, as well as 
three, six, and twelve months after surgery. These scans where performed if the 
patient condition and compliance allowed. 
 
Figure 25: Decision tree about MHV inclusion in right graft donation in ALDLT developed at the 
University Hospital Kyoto [Asakuma et al., 2007]. Depending on three criteria, the decision to 
include the MHV in the graft or keep it with the remnant liver is made: 1) the amount of estimated 
congested volume in territories 5 and 8 (ECR), 2) the graft-to-recipient weight ratio (GRWR), and 
3) the remnant liver volume ratio of the total donor liver volume (%RLV). Grafts are defined to be 
‘MHV dominant’ if the estimated congestion ratio (ECR) is above 40% of the graft volume, oth-
erwise it is a ‘RHV dominant’ graft. 
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Algorithms to register the different time phases and an application to evaluate 
local growth in tissue and vessels were developed [Hindennach et al., 2007, Lohe, 
2007, Metzen et al., 2009]. Automatic tree matching algorithms were developed 
but could not successfully register the growing vessels with different image posi-
tions in the follow-up data, changing length and thickness, and a varying number 
of bifurcations depending on image quality and contrast. Therefore, we interac-
tively transferred the classification for PV and HV systems interactively from one 
time to the next after application of a rigid registration (Figure 27). Later, a land-
mark-based registration approach was developed, matching the data by a non-rigid 
transformation and allowing for a more exact alignment of vascular branches. We 
utilized this method to combine the area of potential venous congestion with the 
PV territories in the remnant and computed the estimated ratio of outflow obstruc-
tion for each territory and the local regeneration rate (illustrated in Figure 26). 
 
 
    
     
Figure 26: Determination of local outflow obstruction in PV territories. The analysis of preopera-
tive drainage (upper left), shown here with HV, resection line (yellow), LHV territories (white), 
and truncated MHV territories (light red), is combined with the portal vein segments (upper right). 
Subsequently, the ratio of potential outflow obstruction in each segment can be computed (lower 
left) and the outflow obstruction in the single PV territories can be visualized (lower right). 
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The CT scans of 25 donors and eight recipients could be evaluated at all time 
points. We analyzed all single time points (cf. Section 2.2.5 and Section 3.2.1), 
matched the data of the different time points by registration and compared the 
growth of the liver with respect to several issues. The main results of the evalua-
tion were [Schenk et al., 2009]: 
 Overall growth of the remnant and graft liver 
The organ growth measured on the basis of CT data differs between grafts 
and remnant livers (Figure 28). In the donors, almost double the remnant 
volume within the first three postoperative months could be observed, 
from 34% to 77% of total liver volume. After one year, the donor remnant 
livers reached 86.5% of the original tissue amount (cf. Figure 29). In the 
recipients, the maximal volume in the postoperative course was found at 
the first time point of our follow-up data. Due to the inflammatory pro-
cesses and the swelling of the implanted organ, this volume represents 
more than the liver regeneration. At the following time points, the liver 
volume decreases again. The majority of volume growth in donors and re-
cipients was found in the first few days after surgery. 
 
 
Figure 27: Registration of vascular structures from different time points during regeneration. The 
upper row shows the HV extracted from the preoperative scan, day 10, tree months, and twelve 
months after surgery (from left to right). In this donor, collaterals can be found in CT data three 
and twelve months after transplantation but not in the first postoperative scan (missing yellow 
branches in the lower left image, arrow). The lower row shows registered postoperative vessels 
(left) and a comparison of the remnant surface before operation (white) and twelve month after 
operation (red), illustrating the growth and organ rotation in the abdomen (right).  
pre 10d 3m 12m
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 Local remnant growth in relation to the MHV 
The overall volume of remnant livers, including the MHV after 12 months 
was comparable to the volume of livers without this draining vein. At the 
first time point, the growths of hemilivers without MHV were not much 
different from those that included the vein when normalized to the initial 
remnant volume. Afterwards, the remnants with retained MHV showed a 
minor advantage, which equalized until almost full recovery after twelve 
months. Our study data was very limited with only four remnants includ-
ing the full MHV drainage, but similar result were found by other groups 
[Scatton et al., 2004, Zappa et al., 2009]. 
The left lateral territories (2 and 3), which were not impaired by the resec-
tion, showed increased growth compared to that of territory 4 for all cases, 
and this difference was larger when the MHV was not retained with the 
remnant liver. This result leads to the conclusion that territories 2 and 3 are 
able to adjust the reduced growth of territory 4. 
 
 Local growth and outflow obstruction 
Using the methods described above, we evaluated the local growth of terri-
tory 4 with different outflow obstruction rates in the regions of territory 4a 
and 4b. The results showed that the ratio of outflow obstruction is nega-
tively correlated to the local regeneration. It also demonstrated the suc-
cessful surgical strategy to maintain the outflow of territory 4a by preserv-
ing smaller and median hepatic veins arising from the MHV or LHV and 
draining this territory. Territories 4b, typically with a bad prognosis of high 
congestion rate, showed very low regeneration rates and disappearing in 
some cases (cf. Figure 30). 
 
 Development of collaterals 
In our study, we found no collaterals in the donor remnant between trun-
cated branches of the MHV and the LHV in the first CT data after trans-
plantation, but these collaterals were clearly visible in 60% of donors after 
three months and in the later images. The remnants with collateral for-
mation had a higher rate of outflow obstruction than those without collat-
erals (31.3% ± 8.1% versus 20.7% ± 8.9%). 
In 13 of the 21 remnants without MHV, revascularization of territory 4b 
veins was detectable in CT images three months after surgery. The collat-
erals were connected to a retained MHV4a branch, to LHV4a branches, or 
to branches of the LHV originally draining only the left lateral lobe before 
surgery. Example cases with collateral formation are illustrated in Figure 
29 and Figure 31. 
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Figure 29: Regeneration in recipient and donor. The preoperative donor liver (upper row) is di-
vided near the MHV (resection line in yellow) with an estimated graft volume of 1075 ml and a 
remnant liver volume of 488 ml. The graft growths within twelve months to 1337 ml, while the 
small remnant liver regenerates to 1214 ml. Collaterals can be seen in this donor liver (lower left 
image, between cyan and dark yellow branches).  
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Figure 28: Regeneration in recipient and donor. The curves show the growth of graft livers in 
eight recipients (left) and the growth of remnant livers in 21 donors (right). Grafts were normal-
ized to the volume after 12 months due to the unknown original liver volume in the recipient. The 
curves show the initial high increase of regeneration and swelling that is more prominent in the 
recipients due to immune reaction and inflammatory processes. 
50%
60%
70%
80%
90%
100%
110%
120%
130%
140%
150%
-30 0 30 60 90 120 150 180 210 240 270 300 330 360 390
Days after LDLT
Graft Volume Growth
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
110%
-30 0 30 60 90 120 150 180 210 240 270 300 330 360 390
Days after LDLT
Remnant Volume Growth
 70 
Our results show that venous congestion in territories with truncated hepatic vein 
branches leads to reduced local regeneration. Those areas have a growth deficit 
which is partially compensated by increased growth of the uncongested remnant 
region. Collaterals between truncated MHV veins and intact neighboring veins 
were not visible in the first scans and seem to develop over the first days and 
weeks after surgery. This results contradicts the hypothesis that pre-existing com-
munication between hepatic veins exists that will prevent venous congestion. In 
ultrasound examinations, such connections can be found in some patients, but 
they are small and cannot take over the MHV drainage immediately after occlu-
sion of the vein [Fan et al., 2011]. For example, the first study of Kaneko and col-
leagues [Kaneko et al., 2000] found that the flow signal in the veins of territory 5 
and 8 of a right lobe graft without MHV was obvious no earlier than postoperative 
day six after implantation. In 2005, the same group showed, that five of 28 MHV 
tributaries (territory 5 and 8 veins) were connected to the RHV on the first post-
OP day, and ten further collaterals were found between post-OP days 2 and 7, 
while the remaining 50% of all connecting veins were later detected, after the first 
week [Kaneko et al., 2005]. In conclusion, single intrahepatic venous collateral 
develop but cannot compensate the outflow obstruction in the critical first postop-
erative days. 
 
 
 
Figure 30: Growth of territories 4a and 4b in donor remnants twelve months after surgery in 
relation to the ratio of outflow obstruction. The growth is normalized with respect to the preopera-
tive remnant ratio of the territory, showing that almost all territories 4a and 4b grow less than the 
left lateral lobe (ratio < 100%). Territory 4b typically has a higher percentage of outflow obstruc-
tion, which is related to the surgical technique of including most of the MHV in the graft but try-
ing to maintain the drainage of segment 4a. There is an overall tendency for reduced volume re-
generation of territories with a higher rate of outflow obstruction. 
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3.3.4 Influence of Outflow Obstruction on Regeneration 
In the critical first postoperative days after surgery, human studies cannot assess 
the outflow obstruction process with collateral formation and its impact on perfu-
sion, function, and regeneration. Therefore, we performed an animal study with 
clinical partners at the University Hospital Essen as project of the Optimization of 
Living Related Liver Transplantation clinical research group.  
The livers of rodents (e.g., rat, mouse, and woodchuck) consist of four major 
lobes, with two larger lobes (left lateral and median) and two smaller lobes (right 
and caudate). The median lobe has a dual inflow and three draining veins and thus 
shares the basic vascular situation of the human liver. With a ligation of the right 
vein of the median lobe (RMHV), an outflow problem similar to the situation of 
the MHV transection in ALDLT can be created. In our study with rats, this con-
gestion model was combined with a resection of about 50% of the rodent’s liver 
mass to induce liver regeneration and to mimic the clinical situation after ALDLT 
(for details of the surgical technique see [Dahmen et al., 2008a, Dahmen et al., 
2008b]). 
Microcirculation, functional parameters derived from histological data, and blood 
values were studied for the evaluation. The microcirculation was assessed by or-
thogonal polarizations spectroscopy (OPS) [Dirsch et al., 2008] in different areas 
of the median lobe, in the outflow-obstructed zone (OZ), the normal zone (NZ) 
and in the border zone (BZ). Measurements were taken during surgery and on 
postoperative days 1, 2, and 7. At the same time points, probes from the different 
 
Figure 31: Development of collaterals in a donor remnant liver. The resection line follows the 
course of the MHV that is included in the graft. As a result, tributaries of the MHV have to be 
transected (blue and cyan in preoperative image, left). A large part of this remnant liver was out-
flow obstructed and collaterals were found in this donor liver, connecting tributaries of territory 4 
(cyan) with hepatic veins of territory 3 (red). 
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zones were taken from sacrificed animals, and several parameters regarding re-
generation, necrosis, and vascularization were assessed by histological evaluation. 
In the project, software for the automatic calculation of the proliferation index (PI) 
was developed. The PI reflects regeneration activity and is computed as the ratio 
of proliferating (dividing) hepatocytes to all hepatocytes. The nuclei of the prolif-
erating cells can be identified by immunohistological staining with 5-bromo-2-
deoxyuridine (BrdU). The approach for PI computation consists of a processing 
pipeline of smoothing, automated thresholding, a search for objects with certain 
size and shape followed by a Hough transform to detect overlapping nuclei 
[Ivanovska et al., 2008]. The algorithm was further improved by a step that is able 
to detect vascular structures [Ivanovska et al., 2010]. Different smoothing filters 
were evaluated and compared to a manually defined ground truth [Ivanovska, 
2009].  
Later, a more general approach based on machine-learning classifiers was devel-
oped and is currently used to evaluate histological whole-slide data [Homeyer 
et al., 2011]. This method is more flexible and better suited for the high variability 
in histological data related to different staining intensities, slice thickness, and 
other variations of the laboratory routine.  
 
 
 
  
 
Figure 32: The median lobe of a rat liver on the macroscopic level (left) and microcirculation in 
the border zone between obstructed and normal zones visualized by OPS (Right). The outflow 
obstructed area in the median lobe after ligation of the RMHV is clearly visible as dark red area. 
The visualization of microcirculation on day 7 after surgery shows a vascular canal in the border 
zone (image center) surrounded by sinusoids of normal diameter. Images courtesy of U. Dahmen 
and O. Dirsch, Friedrich-Schiller-University Jena. 
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The observations in the rat study included [Dirsch et al., 2008]: 
 On the macroscopic level, the OZ was clearly visible after surgical occlu-
sion of the RMHV (Figure 32). On days 1 and 2 the OZ was still recog-
nizable but no macroscopic sign of outflow obstruction was detected on 
day 7. 
 The microcirculation measurements with OPS showed that there was no 
blood flow in the OZ after ligation. On days 1 and 2, the blood flow veloc-
ity increased in all zones, and sinusoids in OZ and BZ were highly dilated, 
especially in the BZ. By day 7, both sinusoidal diameters and flow veloci-
ty decreased and showed almost normal values. Single highly dilated si-
nusoids were visible in the BZ on day 7 (Figure 32). The histological find-
ings showed that some of these canals were connected to central veins. 
 The ligation of the RMHV caused necrosis in the OZ with about 25% of 
affected tissue. The necrotic areas were visible in histological data from 
days 1 and 2 and disappeared on day 7.  
 In serial sections, no vascular structure corresponding to the theory of pre-
existing shunt vessels connecting larger veins was found. 
 Liver regeneration measured by PI was highly increased in the NZ and in 
the BZ, but only single proliferating cells were found in the OZ, indicating 
a severe reduction of liver function. On day 2, the PI increased slightly in 
the OZ and decreased in the normal and border zone. Almost no prolifera-
tion was detected in all zones on day 7. 
 Vascular markers (Laminin, van Willebrandt Factor) were observed in the 
dilated sinusoids on days 1 and 2, more than twice the number of positive 
cells in the OZ than in the NZ. Later, the sinusoidal canals in the BZ 
showed positive staining, while the number of laminin-positive cells was 
in a similar range in NZ and OZ. 
In conclusion, sinusoids at the border between venous congestion and the normal 
zone were dilated and remodeled to vascular canals serving as communication 
(collaterals) between the areas. Furthermore, we observed necrosis and decreased 
cell regeneration in the critical early postoperative phase in the outflow-obstructed 
areas.  
Because the time directly after surgery is crucial for the development of the poten-
tially lethal small-for-size syndrome, excluding the potentially congested territo-
ries from the functional liver mass seems to be the logical consequence for the 
preoperative risk analysis. 
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3.3.5 MRI Data for Risk Analysis and Surgical Planning 
Surgery planning for LDLT is usually performed on the basis of CT data. For the 
evaluation of the healthy and mostly younger donors, it is desirable to avoid the 
radiation dose and to plan using MRI data. For this purpose, we developed and 
adapted existing image analysis methods for MRI data and performed a study with 
new imaging sequences and a hepatocyte-specific contrast agent. In our study, CT 
and MRI data from donors were available, and the results of the image analysis 
could be compared. 
 
Typical challenges for image analysis and surgical planning with MRI data in-
clude inhomogeneities and artifacts in the images and lower resolution when 
compared to CT. MRI resolution in abdominal data is limited, because the liver is 
scanned during breath-holding and the MR acquisition takes more time than a CT 
scan. With a 3T scanner and routine breath-holding sequences, one 3D liver vol-
ume with a resolution of 1.5×1.5×3.0mm can now be acquired in 10-12 seconds. 
In our studies, the MR acquisition involved the administration of the liver specific 
contrast agent Gadoxetic acid (Gd-EOB-DTPA), which is partially taken up by 
the hepatocytes and excreted via the bile ducts. The dynamic image sequence 
shows first enhancing arteries followed by enhancement of the portal veins. In the 
venous phase, the hepatocyes have taken up so much of the contrast agent that the 
liver parenchyma shows the same enhancement as the hepatic veins. After 20 to 
30 minutes the maximal tissue enhancement is reached, and in this late or hepato-
cyte-specific phase the vascular structures appear dark compared to the bright pa-
renchyma. The excretion of the contrast agent via the bile ducts leads to enhance-
ment of this vessel structure in the late phase and later images and enables the 
segmentation of this structure (Figure 3 and Figure 33). For image processing, the 
images were filtered using a statistical approach to eliminate the inhomogeneities 
typically found in MR images [Schenk et al., 2007, Sled et al., 1998]. Liver seg-
mentation of portal and hepatic veins was performed on the late phase of the con-
 
Figure 33: Elimination of inhomogeneities in MRI data: Original slice of a T1 weighted ab-
dominal MRI with Gd-EOB-DTPA as contrast agent (left) and same image slice after application 
of the correction filter N3 with identical contrast and brightness parameters (right). 
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trast-enhanced images (Figure 33). For liver segmentation, our contour-based ap-
proach with live-wire and shape-based interpolation was applied. Intrahepatic 
vascular structures were segmented by applying the same region-growing method 
as for CT data, but with inverse thresholding [Selle et al., 2002]. Portal and hepat-
ic veins were separated interactively, and smaller vessels were added by manual 
drawing when necessary. The following steps of tree labeling and territory com-
putation were performed with the same algorithms that were applied to CT data. 
 
 
 
 
Figure 34: Vascular structures extracted from CT (top) and MRI (below) data of the same do-
nor candidate. The topology of portal vein (cyan), hepatic artery (orange) and bile ducts 
(green) is comparable with a few more details visible in the CT-based results.  
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Two evaluation studies were performed, one with our clinical partners in Essen, 
and the other with radiologists and surgeons from the University Hospital in 
Tübingen. A first study on 20 potential donors who underwent both CT and MR 
imaging was performed in Essen in 2006 and 2007. The CT data showed en-
hanced hepatic vessels and bile ducts after sequential injection of a biliary and 
conventional iodinated contrast agent, as published in [Schroeder et al., 2006]. 
The CT and MRI data was analyzed with the methods described in Section 2.2.5 
and above. 
The study showed that the liver volumes of MRI- and CT-based analyses deviate 
in the magnitude of 5%, with larger volumes from the MRI data. The level of hi-
erarchy for PV and HV extracted from MRI data was comparable to CT and suffi-
cient for LDLT planning (cf. Figure 34). The territorial volumes for the portal 
vein showed a difference between MRI and CT data of 1.1% of CT liver volume 
on average with a standard deviation 0.3%. Volume differences in the HV territo-
ries were 1.4% (standard deviation 0.8%). Imaging of BD and HA was not suffi-
cient for most patients in this study related to the slice thickness of 2mm. Details 
of the study results are given in [Schenk et al., 2007]. 
The second evaluation involved potential candidates for LDLT scanned following 
a newly developed MRI protocol with almost isotropic image resolution of 1mm 
for the late phase [Asbach et al., 2008, Mangold et al., 2012]. So far, only a few 
donor candidates have been examined with both CT and MRI. The analysis and 
evaluation of the first two data sets showed that the volumetric deviations were 
slightly smaller than in the first study [Schenk et al., 2010]. More importantly, the 
quality of hepatic arteries and bile ducts increased, almost reaching the same ana-
tomical details as the structures extracted from CT data. According to the surgeon, 
the quality for these cases was sufficient for resection planning. Future research 
includes optimizing the MRI protocol and the analysis methods, and evaluating 
more data sets. 
In conclusion, the applicability of MRI data for donor evaluation and LDLT plan-
ning depends on imaging protocols and requires a data resolution of 1.5mm or 
better and optimal timing of the arterial phase. MRI is a highly promising future 
modality because it allows evaluating other aspects of liver perfusion and the con-
dition of abdominal tissue. This includes the local assessment of liver function in 
terms of contrast media uptake and excretion [Nilsson et al., 2009, Nilsson et al., 
2010], as well as examining disease-related fat and iron content [Hu et al., 2012, 
Sirlin and Reeder, 2010]. 
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3.3.6 Summary 
The application of liver segmentation and software assistants to ALDLT is 
manifold. We presented preoperative planning based on CT and MRI data, liver 
regeneration in human donors and animals, and the influence of outflow 
obstruction on perfusion and collateral formation. The developed algorithms and 
applications assist the surgeon during preoperative planning by providing 
important information about vascular anomalies and predicting the anatomical and 
functional volumes for both graft and remnant livers. Liver regions with a high 
risk of developing venous congestion are estimated by combining the territories of 
MHV branches with a virtual resection for ALDLT. We evaluated the 
consequences of venous congestion in the postoperative course in human and 
animal livers. The studies showed that outflow obstruction reduces local liver re-
generation, and that communicating veins that could resolve the outflow problem 
were not pre-existing, but instead develop from dilated sinusoids in a continuous 
process. The retrospective 3D analysis of patients with SFSS and liver graft loss 
after ALDLT uncover large territories of truncated MHV branches that had not 
been surgically reconnected in earlier years. The negative correlation of outflow 
obstruction and regeneration as well as the delayed development of collaterals 
lead to the conclusion that the exclusion of potentially congested territories from 
the functional liver mass seems to be the logical consequence for preoperative risk 
analysis.  
Recent work focuses on transferring the planning procedure from CT to MRI data 
to avoid the radiation dose for healthy donors and to enable additional functional 
evaluations. An initial study comparing CT and MRI analyses from potential do-
nors showed that portal and hepatic veins can be extracted from MR images in 
sufficient quality, but further research was needed for hepatic artery and bile 
ducts. Most recent MRI sequences and improved protocols have shown promising 
results, even for arteries and bile ducts, increasing optimism that MRI can be a 
sole imaging modality for ALDLT planning. 
 
Publications: The application of liver segmentation, vascular analysis, 
planning, and risk analysis to LDLT were performed together with 
several clinical partners and evaluated in joint projects. With clinicians 
from the Medical School Hannover, we planned and evaluated the first 
ALDLTs in 1998. The methods and software application were present-
ed at BVM 2001 and received the first prize for the best poster and 
software demonstration [Schenk et al., 2001b]. The clinical evalua-
tions were published by Bernd Frericks and co-workers [Frericks 
et al., 2004b, Frericks et al., 2006]. Vascular analysis, volumetric 
evaluations, and regeneration studies were performed in projects with 
the University Hospital Essen. The 3D analyses in donors enabled 
studies on anatomical variations of liver vessels [Radtke et al., 2008b, 
Radtke et al., 2008a, Radtke et al., 2009], the development of a new 
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dominancy concept [Radtke et al., 2005, Radtke et al., 2006b] and a 
decision algorithm for the surgical strategy [Radtke et al., 2011]. 
Work concerning human liver regeneration was partially presented at 
the congress of the International Liver Transplantation Society (ILTS) 
in 2007 and 2009, and at the German Transplant Congress in 2008 and 
published in [Schenk et al., 2009]. The work was supported by algo-
rithms implemented by Milo Hindennach [Hindennach et al., 2007] 
and Jan Metzen (co-supervised by the author) [Metzen, 2006, Metzen 
et al., 2009]. 
Animal experiments for the regeneration studies in rodents were per-
formed by Uta Dahmen, Olaf Dirsch, and co-workers at the University 
Hospital Essen [Dahmen et al., 2008a, Dahmen et al., 2008b, Dirsch 
et al., 2008]. The algorithm for automated computation of the regener-
ation ratio was implemented by Tetyana Ivanovska, who was super-
vised by the author in parts of her thesis [Ivanovska et al., 2008, 
Ivanovska et al., 2010, Ivanovska, 2009]. 
The research about the ability of MRI to serve as the sole imaging 
modality for LDLT was performed in joint projects with the Universi-
ty Hospital Essen and with the University Hospital Tübingen. The first 
comparison of vessels and territories for potential donors was present-
ed at CARS [Schenk et al., 2007]. The initial results based on new 
MRI sequences were introduced during a talk at ILTS [Schenk et al., 
2010], and the related bile duct visualizations were published in 
[Ketelsen et al., 2008]. 
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4 Summary and Outlook 
“One never notices what has been done; one can only see what remains to be done.” 
Marie Curie 
 
This thesis presents a newly developed method of liver segmentation and its inte-
gration into dedicated software assistants for hepatic interventions. New insight 
about the early postoperative liver function and regeneration could be gained in 
joint projects with clinicians by applying our algorithms and prototypes and eval-
uating the outflow-obstruction process after liver resection. 
In high-risk surgeries, such as extended hemihepatectomies for adult living donor 
liver transplantation, or resections of diseased organs, the remaining liver function 
is a major concern for the survival of the organ and the patient. To guarantee reli-
able prediction of the functional reserve, the liver volume and the liver segmenta-
tion have to be accurate. The first part of the thesis describes the developed liver 
segmentation approach and subsequent evaluation. The intuitive user-steered ap-
proach enables obtaining precise segmentation results. To achieve this aim, the 
live wire method was extended and optimized in terms of computational speed 
and accuracy. In combination with shape-based interpolation, the interaction effort 
was reduced while maintaining high quality. Two correction methods enable the 
user to finally optimize the liver contours. Default parameters and a learning 
method were implemented to avoid technical parameterization that may be chal-
lenging for clinical users. Three studies and the wide application to patient data in 
the last twelve years have demonstrated the performance of the algorithm. An 
extensive evaluation on more than 2000 data sets showed that our semi-automatic 
approach of live wire and shape-based interpolation alone already leads to satisfy-
ing results, and that the time and effort for control and correction should be con-
sidered when comparing liver segmentation approaches. 
The second part of the thesis focuses on the development of clinical prototypes 
and their application to liver interventions. In 1999, the first comprehensive soft-
ware assistant for liver surgery was developed. The application included ten im-
age processing steps and a final visualization to explore all results. In later ver-
sions and updates of the software assistant, the basic concepts of the first 
prototype were maintained. The results of the 3D analysis achieved by the proto-
type were transferred into the intervention room three years later. Through collab-
orative work, we demonstrated the integration of abdominal planning data into the 
laparoscopic camera view. In this successful first example of liver laparoscopy 
including previously segmented vascular structures overlaid onto the endoscopic 
view. 
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In joint projects with clinicians, we investigated the heat sink effect of liver ves-
sels in thermal ablation procedures. The 3D reconstruction of the individual liver 
and its vascular systems was combined with a numerical simulation of thermal 
ablation. A measurement tool was developed to assist the evaluation of ablation 
lesions in ex-situ and in-vivo studies. Our results showed good agreement be-
tween expert and automated classification, significantly different cooling effects 
of portal vein and hepatic vein, and a minor impact of vessel flow velocity and 
diameter on the extend of the heat sink effect. 
Risk analysis for liver surgery combines vascular territories and tumor safety 
margins with different virtual resection plans to determine an optimal surgical 
strategy. We improved the existing iterative approach with a new interactive risk 
analysis with immediate user feedback during modifications of the virtual resec-
tion. For this purpose, a new risk score was developed to quantify different risk 
factors. This score may serve as a quality measure for user-independent optimiza-
tion of resection proposals in the future. 
In the third part of the thesis we focused on computer-assistance in the context of 
adult living donor liver transplantation. Here, methods and applications for pre-
operative planning, registering follow-up data after transplantation, and assessing 
regeneration in humans and animals were developed and utilized. In close cooper-
ation with our clinical partners, we investigated the influence of outflow obstruc-
tion on regeneration in the critical early postoperative phase and in the first year 
after surgery. Our studies showed that although venous collaterals develop in the 
first days and weeks and take over the drainage of the obstructed areas in the long 
term, perfusion and regeneration in these regions are highly impaired directly after 
surgery. In conclusion, the related preoperative risk analysis that excludes the ob-
structed volume from the functional liver volume seems justified. 
The thesis provides a substantial contribution to the accurate determination of 
anatomical and functional liver volumes. Starting with the technical development 
of an intuitive liver segmentation approach and the integration into a comprehen-
sive software assistant for surgical planning, further research focused on the clini-
cal issues of outflow obstruction and the relevance of this impairment to regenera-
tion and risk analysis. Most recent investigations into the analysis of MRI data 
provide the option to include global and local liver function parameters into the 
risk analysis and to further improve liver surgery planning. 
 
Future developments in liver segmentation will focus on intuitive and fast correc-
tion methods. Due to the described challenges in extracting the liver from radio-
logical data, this step will still be required in clinical routine and is essential to 
achieve accurate volumes for high-risk surgery. Besides the more general aim to 
improve single image processing steps in the software assistants by developing 
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highly efficient methods and intuitive workflows, the computation of optimal re-
section proposal based on a resection score as developed in this thesis will be in-
vestigated. Regardinig clinical application, the use of mobile devices and cloud-
based medical data exchange and computing will transform existing hospital 
workflows. The integration of software assistance for preoperative planning, risk 
analysis and interventional support in this changing clinical environment will play 
an important role in future projects.  
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5 Publications - Liver Segmentation 
5.1 Efficient Semiautomatic Segmentation of 3D Objects in Medical Images  
Andrea Schenk, Guido Prause, and Heinz-Otto Peitgen 
Presented during a talk at MICCAI 2000 and published in S.L. Delp, A.M. 
DiGioia, and B. Jaramaz (Eds.): MICCAI 2000, LNCS 1935, pp. 186–195. 
Copyright 2000 Springer. Reprinted with permission. 
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5.2 Local Cost Computation for Efficient Segmentation of 3D Objects with 
Live Wire 
Andrea Schenk, Guido Prause, and Heinz-Otto Peitgen. 
Presented at SPIE Medical Imaging 2001 and published in M. Sonka, K.M. Han-
son (Eds.), Proceedings of SPIE 2001,Vol. 4322, pp.1357-1364. 
Copyright 2001 Society of Photo Optical Instrumentation Engineers. Reprinted 
with permission. 
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5.3 Accurate Liver Segmentation with Live Wire and Interpolation: 
Evaluation on 2000 Computed Tomographies 
Andrea Schenk and Heinz-Otto Peitgen 
Submitted 2012. 
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6 Publications - Computer-Assistance for Liver 
Surgery 
 
6.1 ILabMed workstation – A Development Platform for Radiological 
Applications 
 
Andrea Schenk, Jens Breitenborn, Dirk Selle, Thomas Schindewolf, Dominik 
Böhm, Wolf Spindler Hartmut Jürgens, Heinz-Otto Peitgen 
 
Presented during a talk at the German congress Bildverarbeitung für die Medizin 
1999 and published in H. Evers, G. Glombitza, T. Lehmann, and H.-P. Meinzer 
(Eds.), Proceedings of BVM 1999, pp. 238 – 242. 
Copyright 1999 Springer. Reprinted with permission. 
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6.2 Intraoperative Augmented Reality for Minimally Invasive Liver 
Interventions 
 
Michael Scheuering, Andrea Schenk, Armin Schneider, Bernhard Preim, Guen-
ther Greiner 
 
Presented at SPIE in 2003 and published in Proc. of SPIE Medical Imaging,  
vol 5029, pp. 407-417. 
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with permission. 
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Andea Schenk, Stephan Zidowitz, Holger Bourquain, Milo Hindennach, Christian 
Hansen, Horst K. Hahn, and Heinz-Otto Peitgen. 
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ERCP Endoscopic Retrograde cholangiopancreatography  
ESLV Estimated Standard Liver Volume 
Gd-EOB-
DTPA 
Gadolinium-Ethoxybenzyl-Diethylenetriamine Penta-Acetic Acid,  
Gadoxetic acid 
GRWR Graft-to-Recipient Weight Ratio 
GT Ground Truth 
GUI Graphical User Interface 
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HCC Hepatocellular Carcinoma 
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HVT Hepatic Vein Territories 
IHV or 
Inf.V 
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LDLT Living Donor Liver Transplantation 
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LWI Live Wire and Interpolation 
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MR Magnetic Resonance 
MRI Magnetic Resonance Imaging 
MRCP Magnetic Resonance Cholangiopancreatography  
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OZ Obstructed Zone 
PI Proliferation Index 
PV Portal Vein 
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